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PREFACE

PREFACE
Built environment (buildings, bridges, dams, highways...) is facing a dramatic increase of
deterioration cases worldwide, mainly due to the lack of proper inspection and maintenance.
Maintaining the safety and serviceability of the infrastructure assets is of crutial importance for
the owners/stakeholders, and the society in general, but at the same time still limited resources
remain available to this end. Academics, professionals and owners involved in the management
of the built infrastructure have taken positive steps to develop more comprehensive measures
and conduct better maintenance activities to better invest the limited funds. However, correct
funding policies require a proper knowledge of the deterioration and damaging processes
involved in the aging buildings. To this end, the series of conferences devoted to the Durability
of Building Materials and Components (DBMC) have provided an excellent state of the
knowledge and advancement since many years on the subject of durability and performance of
the built environment. In fact, along more than 40 years, the main focus and topics of the different conferences have evolved according to the evolution of the existing and the appearance of
new problems to be faced by the architectural/engineering community regarding durability of
the construction assets.
Following the success of previous conferences, the 15th International Conference on Durability
of Building Materials and Components (DBMC 2020) held in Barcelona from 20th to 23th of
October 2020, covered all major aspects related to durability, from the more traditional ones
such as building physics and durability, service life prediction, durability of historical buildings, to the most recent requiring the attention of the construction community as life-cycle
assessment and sustainability, BIM technology and durability, and the influence of natural
hazards and climate change on the durability of new and existing structures. Also new in this
conference is the creation of awards to the student´s contribution (best paper, best poster and
best oral presentation) and the launching of a grant for non-profit organizations of students in a
projects contest for funding collaborative projects related to built infrastructures in developing
countries.
However, the novelties in this edition of the conference have not been only restricted to the
content of the scientific/technical/social subjects. In fact, the format has been also completely
changed from the previous editions due to the impact of the COVID-19 pandemic situation.
The declaration of the pandemic just few months before the celebration of the conference in
June of 2020, provoked not only the shift to the new dates in October, but also the need to
derive on a fully online conference. In this sense, DBMC 2020 has become the first fully online
conference of the series.
The Organizing Committee has devoted its main efforts to prepare an attractive conference in
the new online format in a limited period of time. We thank the confidence and collaboration
of the prospective participants, which, in turn, had to accomodate themselves to the new scenario in a short time. The effort from all of us, organizers and participants, and the interest of
the international community has been confirmed by the high response to the call for papers
despite all negative constraints for travelling and networking. At the end, 368 preliminary abstracts were received at the Conference Secretariat. About 85 percent of them (313 in total) were
invited by the Scientific Committee to submit extended abstracts and full papers, for oral or
poster presentations in DBMC 2020. Finally, the scientific programme consisted of five keynote plenary sessions, 242 contributed papers (allocated in 13 special sessions and 23 conference
topic sessions -in four parallel tracks- and one poster session) and a final round table on the
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implications of a changing climate on a sustainable built environment. In total, 351 participants
(30 percent of whom were students), from 41 different countries, have made DBMC 2020 an
unforgettable experience.
Abstracts and full papers, including keynote lectures and technical papers have been assembled
in a printed Book of Abstracts and an e-Book of Proceedings, respectively. They become a
permanent record of the DBMC 2020 scientific contribution. This record is an effort to serve
as a valuable reference on the recent developments in durability of the built environment. All
the contents is also available at the webpage of the conference http://congress.cimne.com/
DBMC2020, and in open access at https://www.scipedia.com.
As a DBMC 2020 Organizing Committee, we would like to take this opportunity to express
our sincere thanks to all participants (keynotes, discussants, special sessions organizers, chairs,
authors and attendees) for their contributions, to the membres of the Scientific Committee
for their dedicated work and to the members of the Local Organizing, UPC Institutional, and
Steeering Committees for the time and effort they have devoted to making DBMC 2020 a successful event despite the pandemic constraints and for their unconditional support to all important decisions we had to make along all the preparation process, and mainly in the last eight
months. Last, but not least, our kind acknowledgement on one hand to the CIMNE Conference
Secretariat, led by Bea, for their constant and helpful collaboration, and on the other hand to
Cristina for her invaluable assistance. Thank you all!
Barcelona, October 2020

Carles Serrat (Chair)
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Abstract. The new generation of structural Eurocodes will include climate change adaption measures
in order to enhance the climate resilience of infrastructures across Europe. This paper discusses the
impact that climate change might have on reinforced concrete structures subjected to corrosion, and the
associated challenges of the standardisation of adaptation measures. A resilience-based framework is
proposed for the adaptation of structural codes to climate change-induced actions. Such an approach
aims to provide the required adaptive capacity to the new structures in order to be able to respond to
the uncertain future minimising the investment under unlikely scenarios. In that way, the strategy can be
summarised as a climate change-adapted design plus an in-design maintenance plan. Future actions,
such as mapping the future climate-related drivers of corrosion, the determination of the design values
of these drivers, and the prescription of maintenance activities, should be further investigated. Although
this paper focuses on the new structures that will be designed with the new codes, some of the insights
can be extrapolated to the existing structures.
Keywords: Corrosion, Climate change, Resilience, Maintenance, Eurocodes.

1

Introduction

The pressure imposed by climate change has reached all sectors within the European Commission, which is now forced to take adaptation measures. In Union Innovation (2013), they
acknowledged action gaps in a context where late responses could result in non-affordable economic, social, and environmental costs. Consequently, they proposed a road-map to include
climate change adaptation considerations where technical standards were identified as an effective strategy to enhance the climate resilience of infrastructures across Europe.
In the construction sector, the first generation of EN Eurocodes was launched in 2007 with
the aim to homogenise structural design within the Member States. The second generation of
Eurocodes is planned by 2023, which will reflect the new market needs (e.g., new materials and
construction techniques) and also the European commitment with the sustainable development
goals. Therefore, the second generation of Eurocodes is planned to incorporate the adaptation
of structural design to climate change.
Within the long list of impacts upon structures caused by climate change, corrosion has been
identified as a priority theme, as it has been estimated that the increased maintenance and repair
costs worldwide resulting from the acceleration of the corrosion process due to climate change
might be of hundreds of billions of dollars annually (Bastidas-Arteaga & Stewart (2015)).
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In this context, this paper discusses the adaptation strategy to be applied to the new generation of Eurocodes in relation to the corrosion of reinforced concrete (RC) structures. At present,
the structural corrosion is addressed in EC2 (2005).
It is noted that the impact of climate change on man-made systems has a large component
of uncertainty, given that the future climatic scenarios mainly depend on the evolution of the
global sociopolitical context. Therefore, including climate change adaptation measures in the
design phase of buildings and infrastructure is challenging because underestimating its impact
would result in significant societal consequences, whereas overestimating it would imply an
unnecessarily waste of resources. A resilience-based approach is proposed to address the issue,
where the adaptation measures included in the design phase should tackle part of the impact of
climate change, and during the service phase, upgrading mechanisms should be implemented to
guarantee the system is prepared for the non-accounted impact of climate change if the evolution
of climate change requires it.
Therefore, this work aims to provide an overview of the problem of corrosion induced by
climate change to better understand the need for a resilience-based approach to address the
standardisation process. The general framework proposed for the adaptation to climate change
by the new generation of structural Eurocodes is outlined and the associated challenges are
further discussed.
The remaining document is organized as follows; Section 2 provides an overview of the
impact of climate change in Europe on the main drivers of the structural corrosion, Section 3
presents the corrosion problem in the context of climate change. In Section 4, the need for a
resilient-based approach is discussed in the context of the standardising process. Finally, in
Section 5 some conclusions and future research lines are drawn.

2

Climate Change in Europe

The durability of RC structures is threatened by the increment of carbon dioxide (CO2) concentration levels and climate change entailing variations in temperature and atmospheric humidity.
These three parameters are the principal environmental drivers of corrosion.
To study the expected variations of air temperature and relative humidity (RH), the Representative Concentration Pathways (RCPs) proposed by IPCC (2014) are used. They are the
so-called RCP2.6, RCP4.5, RCP6.0, and RCP8.5 scenarios, with RCP2.6 being closer to the
scenario aimed by the Paris Agreement and RCP8.5 relating to the business-as-usual scenario.
There exists a consensus amongst climatologists that RCP2.6 is naively optimistic, thus in practicality, the RCP4.5 is very often proposed as the potential optimistic scenario.
The definition of each scenario allows climatologists to determine the general atmosphere
patterns and oceanic circulation dynamics at the global scale. Then, through complex processes
of downscaling, climate changes at a regional level can be estimated with a significant level of
confidence for each scenario providing a horizontal resolution of up to 0.11o (about 12 km).
In Europe, it is clear that climate change will increase air temperature. The extent of the
variation will depend on the geographical location, period of the year, and scenario considered;
for instance, North Europe, which is the most affected area when analysing air temperature,
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Table 1: Variation of air temperature due to climate change in Europe. The level of agreement among climatic
models is given in brackets: L-low, M-medium, H-high, V-very high.
Area

North Europe
Central Europe
Mediterranean area
East Europe
North Europe
Central Europe
Mediterranean area
East Europe

Winter
(DJF)

Summer
Autumn
Spring
(JJA)
(SON)
(MAM)
RPC4.5
2o -8o (M) 0o -6o (H) 2o -6o (H) 2o -6o (M)
0o -4o (H) 0o -4o (H) 0o -4o (M) 0o -2o (V)
0o -4o (H) 2o -4o (H) 0o -4o (H) 0o -4o (H)
2o -6o (H) 0o -4o (M) 0o -4o (H) 0o -4o (H)
RPC8.5
4o -10o (M) 2o -6o (H) 2o -6o (H) 2o -8o (H)
2o -4o (V) 2o -4o (V) 2o -6o (H) 2o -4o (H)
2o -4o (V) 2o -6o (M) 2o -6o (H) 2o -4o (V)
2o -6o (M) 2o -6o (H) 2o -6o (H) 2o -6o (H)

presents increments ranging between 4o -10o during the winter months (December to February)
under the RCP8.5, whereas the RCP4.5 provides increments of 2o -8o during winter. The range
of values is given by the use of different climatic models. Table 1 summarises the variation of
air temperature due to climate change in Europe.
The impact of climate change on the RH is smaller. Regardless of the climatic scenario
considered, only during the summer months (JJA), Europe might experiment reductions of up
to 10% of the RH.
It is noted that an important source of the uncertainty of the climate estimations is linked to
the uncertainty regarding the trajectory of greenhouse gas emissions (i.e., the RPC considered),
which depends on factors such as the economic and societal trends. In the present context,
this type of uncertainty cannot be reduced. Nevertheless, considering one or another scenario
might differ in billion of euros in the long term. This should be kept in mind when updating the
structural codes.

3
3.1

Impact of Climate Change-Induced Corrosion
Corrosion Mechanisms

RC corrosion refers to the phenomenon of the corrosion of the steel reinforcement of concrete
caused by the infiltration into the concrete members of carbon dioxide, which reduces concrete
pH till values below the steel passivisation threshold, and chloride, which reduces concrete
alkalinity. Both processes are affected by temperature and RH.
When studying the RC corrosion, the stage characterised by the ingress process of the CO2
and chloride ion into concrete is known as the initiation stage. In this stage, it is of interest to
determine the chloride concentration at the rebar level and also when the carbonation reaches
this level, that is, the carbonation depth.
Several studies have analysed the impact of climate change in the carbonation ingress process
when assuming different CO2 levels, RH, and temperature conditions. As shown in Table 2,
the estimated increments of the carbonation depths are up to 45% by 2100 under the RCP8.5
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Table 2: Effect of climate change on the carbonation and chlorine ion ingress processes in RC structures.
Ref.

Location

Talukdar et
al. (2012)

Canada

Assumptions

Estimation
Scenarios
Target
Value
Baseline
Target
CARBONATION INGRESS PROCESS
year 2000
A1FI, year
(a) increasing mean yearly tempera- carbonation depths of non- increment
2100
ture, (b) increasing duration of the hot pozzolanic, unloaded con- of 45%
season, (c) constant RH over time, crete structures
and (d) increasing concentration of
CO2
year 2000
A1FI, year
(a) time dependent temperature
carbonation depths
increments
2100
between
27%
and
45%
(15
and 35 mm)
(a) increasing temperatures, (b) in- carbonation depths
increment
year 2000
A1FI, year
creasing concentrations of CO2
of 40%
2100

Mumbai, London, New York
City, Sydney,
Toronto, Vancouver
Saha
& Boston
metropoliEckelman
tan area
(2014)
(a) CO2 concentration, (b) local temPeng
& China
perature, and (c) RH variable over
Stewart
time
(2014)
Mizzi et al. Malta
(a) increasing CO2 concentration,
(2018)
and (b) increasing temperatures
Talukdar
& Banthia
(2013)

Saha
&
Eckelman
(2014)
Xie et al.
(2018)

Boston
metropolitan area
China

Khatami
&
Shafei
(2017)

U.S. Midwest
region

carbonation depths

increment
of 45%

year 2010

RCP8.5,
year 2100

carbonation depths for different concrete grades

increment
up to 40%

RCP 2.6

RCP 8.5,
year 2070

increment
of 12%

year 2000

A1FI, year
2100

increments
of 6%-15%

year 2000

RCP8.5,
year 2100

increment
of 37%

RCP2.6,
year 2100

RCP8.5,
year 2100

CHLORINE ION INGRESS PROCESS
(a) increasing temperatures, (b) in- chloride penetration depths
creasing concentrations of CO2
(a) increasing temperatures
(a) increasing temperatures, (b) decreasing, constant and increasing RH,
and (c) increasing surface chloride
concentration

chloride concentration at the
rebar level of offshore RC
bridges
chloride concentration at the
rebar level

scenario (or the equivalent A1F1 scenario given by the SRES, Nakicenovic et al. (2000)) when
comparing with the year 2000. It is noted that the results are very sensitive to local exposure
conditions (Talukdar & Banthia (2013)).
In the case of the impact of climate change to the chlorine ion ingress process, the studies
report more modest values, though still relevant, for the increment of chloride concentration
at the rebar level when comparing the 2000-year values to the RCP8.5 by the end of century,
reaching values around 15% (see Table 2). Khatami & Shafei (2017) report larger values, as
they introduce in their model an increment of use of de-icing salts as a consequence of the
observed consumption in the USA, which increased 200% in the last 25 years.
The second stage of the corrosion is known as propagation stage, which occurs once that
the corrosion of the reinforcing steel is initiated, and finishes with the loss of steel area, cover
cracking and spalling, and loss of the bond between steel and concrete. Whereas the initiation stage dominates the service life of the structure, the propagation stage lasts only a few
years. For instance, Xie et al. (2018) report that the corrosion propagation stage of the offshore
RC structures in China designed according to MOHURD (2008) would last less than one year
considering future climatic conditions.
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3.2

Impact on Reliability and Service Life

As a consequence of climate change, both the reliability and service life of RC structures are
highly impacted. The extent of this impact depends on the geographical location, the structural codes used for design, and the climatic scenario considered. Table 3 summarises some
of the findings regarding the impact of climate change on the reliability and service life of RC
structures by the end of this century if the most pessimistic scenario, i.e., the business-as-usual
scenario, is considered. Even when the compound effect of the carbonation- and chlorinationinduced corrosion has not been studied yet, the enormous impact that climate change has on
structural durability cannot be ignored.
Table 3: Impact of climate change on reliability and service life of RC structures.
Ref.

Location

M. G. Stew- Australia
art et al.
(2011)
Saha
& Boston
metropolitan
Eckelman
area
(2014)
Pakkala et
al. (2019)

Finland

BastidasArteaga
& Stewart
(2015)

Continental,
oceanic
and tropical
environments

4
4.1

Assumptions
(a) Increased CO2 levels, temperature and humidity, (b)
different exposure classifications of the Australian code
AS3600 (2009)
(a) Structural design according to ACI (2011)

Estimation
Carbonation-induced
Increment of damage risk
over 400% for inland arid or
temperate climates

Chloride-induced
Increment
of
damage risk up
to 15%

Reduction of service life of Reduction of ser26 years. Penetration depths vice life of 10
in 60% of existing buildings years
exceeding the recommended
cover thickness by 2050.
(a) Changes in ambient T, RH Increment of corrosion rates
and wind-driven rain, (b) dif- of up to 200% during winter
ferent locations with respect in coastal areas facing to the
South
to the solar radiation
(a) Increasing temperatures Lifetime reductions ranging
and length of hot periods, and up to 18%
(b) increasing RH

Scenarios
Baseline
Target
year 2000 A1B
&
A1FI, year
2100
year 2000

A1FI, year
2100

year 2000

A2, year
2100

year 2000

year 2100

Structural Codes
Adaptation Measures

The limit state of RC corrosion should include two phenomena, the cracking of concrete due to
the sub-products generated by the corrosion and the reduction of effective steel cross-section,
both occurring during the propagation stage. While the first is more related to aesthetic issues
and the latter is linked to the structural integrity, the functionality of the structural member will
determine which of the two phenomena is more critical. Given that the integrity of a structural
member affected by corrosion will depend on the applied loads and structural configuration,
its study becomes very case-specific and difficult to be generalised. Thus, when defining standardised strategies to adapt to climate change, it is better to focus on the initiation stage, which
implies a larger portion of the structural service life and is less dependent on the applied loads
and structural configuration.
Structural codes worldwide share a similar rationale when addressing the problem of corrosion; they focus on structural durability. Figure 1 generalises this approach. There exist two
decision variables in regard to the structural design affecting the RC corrosion, that is, materials
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RC durability against corrosion

Maintenance /
interven�ons

Design
DECISION VARIABLES

Materials &
composi�on

Typology
& use

Cover

Control of
produc�on

Environmental
condi�ons

CLIMATE CHANGE

Geoloca�on

Orienta�on

Figure 1: Rationale of structural codes to guarantee the structural durability against RC corrosion.

and composition and cover depth. Both of them are related, as the selection of a more dense
concrete allows for a reduction of the cover depth. To determine these values, aspects such as
typology and use, the control of production and the environmental conditions must be considered. Initially, the new environmental conditions given by climate change should be reflected
here.
Regarding the materials and composition, two possible solutions can be taken, either improving steel corrosion resistance, e.g., through low carbon, stainless or galvanised steel reinforcement and glass-fiber reinforced polymer rebars, or improving concrete durability by increasing
the concrete grade, the water-cement ratio or applying concrete coatings. In addition, other concrete mixes, such as blended and alkali-activated (AA) cement, can be used that present higher
density matrices than the standard and commonly used Portland cement (PC). The structure
of their matrices reduces the permeability of the harmful substances. In addition, the AA slag
cement, where the slag substitutes part of the PC, presents higher resistance to corrosion and
its production generates lower greenhouse gas emissions than PC. Despite the slag cement has
been used in the USA for more than 100 years, the feasibility of replacing PC blinders should
be further investigated.
Nevertheless, it is estimated that the measures required to adapt to climate change, such as
increasing design cover by up to 8 mm or increasing concrete compressive strength by one
grade would imply an increment of 1-3% of the construction costs (M. Stewart et al. (2012)).
Other authors (Bastidas-Arteaga & Stewart (2016); M. Stewart & Bastidas-Arteaga (2019))
have addressed the cost-benefit analysis of increasing the cover thickness to 5 or 10 mm in
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different structural components under different climate scenarios. They conclude that in many
cases, this measure is not cost-effective. The factors affecting the efficiency of this type of
adaptation measures do not depend only on the structural typology and member size, but also
on the climatic conditions and the future discount rate.
Keeping in mind the impact that Eurocodes has in the economy of the State Members, standardising adaptation measures in a context of high uncertainty, where if the impact of climate
change is underestimated by considering very optimistic scenarios, it would result in a significant reduction of the service life of new infrastructure and buildings, or if it is overestimated, in
unnecessarily expensive investment. Apparently, there is not a fair solution.
4.2

Resilience-Based Approach

In the last years, there has been a clear shift from the traditional risk-oriented approaches to
a perspective based on resilience. The need for a resilience-based approach has been made
evident in those cases where either, the lack of knowledge about the potential hazards or their
level of uncertainty was so large that the existing risk was underestimated. For that reason, the
problem of climate change along with its associated uncertainty is pushing decision-makers to
implement measures that boost resilience (Nogal & O’Connor (2018a); Val et al. (2019)). In
this point it is important to note that risk- and resilience-based approaches are not incompatible;
on the contrary, the latter complements the first one by adding a temporal dimension to the
problem (Nogal & O’Connor (2018b)) and proposing a number of strategies to increase the
preparedness level of the system and so allow for an adaptive response over time.
Therefore, to approach the issue of climate-change induced corrosion from a resilience-based
view, the adaptation measures should be twofold. On the one hand, the measures addressing
the impact of climate change that is certain should be implemented in the design stage, through
cost-effective measures. More sustainable concrete mixtures might play an important role in this
stage. On the other hand, the uncertain impact of climate change should be covered in a postdesign stage, that is, through maintenance. In that regard, Eurocodes should prescribe specific
maintenance in relation to climate change. It is clear that there is room for improvement in
terms of maintenance in the present standards, as they merely define maintenance, mentioning
that the structure will be adequately maintained.
Such an approach implies a number of challenges. The values of CO2 concentration levels,
temperature and atmospheric humidity associated with low values of uncertainty should be
determined based on the climate models for the end of the structural design life. Let’s call them
certain thresholds (CTs) of the corrosion drivers.
The maintenance strategies, which should be studied during the design phase, should state
the frequency of the maintenance activities in which the updated information regarding climate
change will be used to determine the short- and medium-term actions. Also at the design phase,
a number of potential actions should be included considering the future climatic scenarios along
with their economic cost. Finally, an economic program to face the potential structural upgrades
should be included to guarantee the economic viability of the project. It is noted that some of
the required maintenance interventions are usually less cost-effective than the measures adopted
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Figure 2: Representation of the design value of the corrosion drivers based on the cost-effectiveness of the adaptation measures and the uncertainty regarding the future value of the corrosion driver.

in the initial design. Therefore, the most cost-effective design should not cover only the CTs
of the corrosion drivers, but more uncertain values in order to minimise the life cycle cost (see
Figure 2). In other words, the new generation of Eurocodes should provide a design value of
the corrosion drivers that will be established based on both, the uncertainty regarding the future
value of the corrosion driver and the cost-effectiveness of the adaptation measures.

5

Conclusions

Beyond the geographical differences across countries, the main challenge of standardising “lowcost and no-regret adaptation measures” (Union Innovation (2013)) in the context of structural
codes is posed by the uncertainty related to climate change, which mainly depends on the trajectory of greenhouse-gas emissions. For this reason, a resilience-based strategy for coping with
climate change-induced corrosion has been suggested in this paper. Such an approach aims to
provide the required adaptive capacity to the new structures in order to be able to respond to the
uncertain future minimising the investment under unlikely scenarios. In that way, the strategy
can be summarised as a climate change-adapted design plus an in-design maintenance plan. It is
highlighted the need for an improvement of the structural Eurocodes in the area of maintenance.
Although the impact of climate change on temperature and atmospheric humidity is of interest in the context of RC corrosion, the CO2 levels should be also considered. The maintenance
activities, which will be defined according to the on-going weather-related variables and CO2
emissions will further motivate countries to reduce their CO2 emissions in order to minimise
their medium and long-term investments. Note that whereas climate change is a global issue,
CO2 concentrations have an important local component, and thus, the proposed strategy will
penalize more heavily those areas producing a larger amount of CO2.
This paper has shown a general framework for the adaptation of structural codes to climate
change-induced actions under a resilience-based approach. Specific actions, such as mapping
the future climate-related drivers of corrosion, the determination of the design values of these
drivers, and the prescription of maintenance activities, should be further investigated.
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1 Introduction
In the 1980’s and early 1990’s, extensive analysis on air barrier system performance was
conducted (Lux and Brown, 1989, Ojanen and Kumaran, 1995, Di Lenardo et al., 1996) such
that rational reference points for wall assembly design could be developed under historical
Canadian climate patterns. The underlying intent was aligned with the fundamental needs to a)
reduce energy use, and b) control condensation within moisture sensitive materials of a wall
assembly.
This research work led to the development of the CAN/ULC S741 Standard for Air Barrier
Materials – Specification and CAN/S742 Standard for Air Barrier Assemblies – Specification.
Within these standards, performance criteria was established for the performance rating of air
barrier materials and performance classification of air barrier assemblies based upon maximum
allowable air leakage rates. The final component of this work was intended to be the
development of a design approach that would integrate air barrier assembly performance with
a building’s design needs. Unfortunately, funding for the completion of this research and
integration into building codes was halted before this work could be completed and published.
In the preparation of the 1995 National Building Code of Canada, under Part 5
Environmental Separation, there was a desire to define performance criteria for air barrier
materials and air barrier assemblies. Since the research was not yet completed on air barrier
assembly requirements, the ability to educate the design community on meeting minimum
criteria was not yet possible. Hygrothermal computer modelling was still in its infancy and
required significant assumptions on material performance to predict water vapour and moisture
movement through assemblies, let alone the physics of air movement and condensation
deposition. It was therefore accepted that codification of air barrier assembly performance was
not reasonably practical.
By 2011 the Canadian Commission on Building and Fire Codes determined that it was
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appropriate to consider air barrier assembly performance criteria in the National Building Code
of Canada. The Standing Committee on Environmental Separation was tasked to:
“Develop quantifiable/explicit air leakage requirements for assemblies …and
investigate the feasibility of creating a design approach to air leakage that would
mimic the risk-based approach used for structural design where assemblies are
designed to resist specified loads.” (CCBFC 2011)
Parallel with this activity was the initiative to update CSA S478 Guideline for Durability of
Buildings, with an emphasis on how appropriate building envelope design could be
accomplished using the breakthroughs and improvements in computational hygrothermal
modelling and analysis that had occurred in the intervening 20 years.

2 The Problem
In the development of the necessary changes to the National Building Code of Canada to adopt
and implement a rational air barrier assembly design approach, it was identified that an exterior
wall assembly durability risk assessment must assess whether various agents of deterioration
will result in the;
- Shortening of the expected predicted service life of associated structural components,
with resulting structural damage or risks of collapse, and/or
- Promotion of mold growth within the assembly, with resulting occupant health risks.
Air leakage through an exterior wall can be a significant contributor to these increased risks
if resulting condensation moisture within the assembly leads to corrosion of metals, promotion
of organic component deterioration, eg., wood decomposition, and/or promotion of mold
growth. In order to assess the sensitivity of various wall assemblies to rates of air leakage, the
following analysis methodology was developed.

3 Analysis Methodology
An analysis methodology was developed as described below. This paper focuses this analysis
on one set of the variables to allow for assessment of the validity of the methodology.
Air leakage and its impact on wall assembly durability related to condensation and mold
growth is a relative function of the following criteria:
1. Building occupancy characteristics – the internal hygrothermal loads imposed on the wall
assembly. Different occupancy types affect interior hygrothermal loads. For the
preliminary analysis in this paper, a residential occupancy was selected.
2. Building height – Building height directly influences wind loads and, therefore, air
leakage rates (Shaw and Tamura, 1977). For this preliminary analysis, a single building
height group was selected; a “low rise”, 3½ storey residential property (<10 m tall).
3. Wall assembly composition – In this methodology, wall assemblies are assessed by the
level of moisture tolerance of specific materials, the ability of the assembly to redistribute
moisture within the assembly, and the ability of the assembly to dissipate moisture before
it can cause deterioration or mold growth. For this preliminary analysis, a single wall
assembly type was selected; a wood-framed wall with brick cladding reference wall, W1,
as described in Section 3.1. Being of wood-frame construction, with the exterior masonry
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cladding structurally attached to the wood studs, this assembly configuration is considered
at relatively higher risk of potential negative impacts from moisture.
4. Building location climate characteristics – the historic and predicted future climate
characteristics taken from a selected location in Canada. For the purposes of this initial
analysis, the historic and future climate loads for the city of Winnipeg, Manitoba were
selected as a baseline; Climate Zone 7A, 5670 HDD (NBC 2015). See Section 3.3.
5. Wall assembly air leakage rate – Variations in air barrier assembly air leakage rate were
used to assess durability response. For the purposes of this initial analysis, air exfiltration
due to imperfections in the air barrier system was calculated assuming air leakage rates
of 0.05, 0.15 and 1.0 L/(s•m2)@75 Pa. The first two represent air barrier assembly
classifications A1 and A3 (CAN/ULC S472, 2011), while the final value was used to
provide a quality check on the modelled results. An air leakage rate of 0.0 was also
modelled to give a baseline for comparison of results and the ability to assess the impact
of wind-driven rain without air leakage. The air leakage path is described in Section 3.2.
3.1 Reference Wall (W1)
Figure 1 shows the configuration of reference wall (W1). This wall assembly was chosen as an
initial reference since a similar wall assembly was analyzed during the development work of
the early 1990’s (Ojanen and Kumaran, 1995, Di Lenardo et al., 1996). This provided an initial
comparison of this new methodology to the approach taken previously. The reference wall W1
has an effective RSI of 3.0 W/(m2•K), which just meets current minimum thermal performance
requirements for a low-rise residential Canadian building in Zone 7A that uses heat recovery
ventilation (NBC, 2015). The results of this initial analysis should not be used to make design
decisions. This approach was selected to facilitate comparisons of the results to earlier work.

Figure 1. Reference wall (W1) schematic.

Figure 2. Modelled path of air movement.

The reference wall W1 comprises, from exterior to interior:
- Brick masonry (90 mm)
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-

Drainage cavity (25 mm)
Exterior sheathing membrane (30-min building paper, 0.22 mm)
Exterior oriented strand board sheathing (11 mm)
Wood stud (spruce, 140 mm)
Cavity insulation (glass fibre batt, 140 mm)
Vapour barrier (6-mil polyethylene, 0.15 mm)
Gypsum wallboard, primed and painted (12.7 mm)

3.2 Air Flow Path
To implement the air flow calculations, it was assumed that the air exfiltration occurs through
an orifice in the air barrier system. The area of the orifice was estimated using the equation for
sharp-edged orifice (ASHRAE, 2017). The orifice area was computed for each air leakage rate,
assuming a rectangular orifice shape with a width of 0.05 m, the thickness of the opening was
computed for each air leakage rate.
The risk of moisture condensation increases when the exfiltration path is longer, i.e., when
air enters the insulation cavity at the bottom right corner and exits at the top right corner or visversa (Ojanen and Kumaran 1995). For this paper, it was assumed that air penetrates the cavity
through a crack between the interior drywall and the flooring via imperfect contact between the
bottom plate and the vapour barrier and exits through an opening between the top plate and the
OSB sheathing, as shown in Figure 2.
3.3 Climate Data
Climate change weather data has been developed by the National Research Council that allows
for balanced hygrothermal assessment of future building design needs (Gaur et al., 2019). The
data is comprised of hourly time-series of climate variables necessary to undertake
hygrothermal simulations for a baseline time-period spanning 1986–2016 and 31-year long
future time-periods when global warming of both +2°C and +3.5°C are projected (referenced
to the baseline time-period). The climatic datasets were generated to capture the effects of the
internal variability of the climate on future climate projections in fifteen hourly realizations that
are part of the datasets derived from the large ensemble of climates simulated by the Canadian
Regional Climate Model, version 4 (CanRCM4), each initialized under a different set of initial
conditions in the CanESM2 global climate model. The generated datasets do not capture the
uncertainty in climatic projections that may arise from the use of other global and regional
climate models in simulating the regional climate and future climate projections.
For this study, only the 31-year time-periods corresponding to global warming of +3.5°C
were considered; 1986-2016 Historical (“H”), and 2062-2092 Future (“F”). Each timeline
comprises 15 realizations or runs. Since it can be onerous to consider all runs, it was decided
that, for this preliminary study, only the median run (based on moisture index, MI) was selected
from each timeline. The moisture index (Cornick and Dalgliesh, 2003) of a run was calculated
as the average of the 31 yearly MI of that run.
For hygrothermal simulations in this study, two representative years were selected from the
median run of the Historical and Future climate data. Since the purpose of the simulation is to
address condensation risk, the first and second years were; 1) the year with the average annual
temperature, and 2) that with the lowest annual temperature, of the 31-year data of the run. They
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correspond respectively to the years 2008 and 2003 for Historical data, and 2092 and 2063 for
Future data. Figure 3 compares the temperature, rain, relative humidity and wind speed profiles
for the city of Winnipeg in the two years selected. The trend observed for the whole run is also
present in the two-year data. It can be observed that; average temperature increases between the
two timelines, while the wind speed decreases marginally. Rain and RH do not vary in average
between the two timelines but more extreme annual RH values will be present in the future.

[d]

Figure 3: Comparison of the temperature, relative humidity, wind speed, and hourly rain
distributions for the two years of historical and future climate data selected for
hygrothermal simulations. Day 0 or hour 0 corresponds to January 1st of the first year.

3.4 Hygrothermal Model Used
DELPHIN 5, v5.9.4, was used for hygrothermal simulations. Important features of DELPHIN
are its ability to handle wind-driven rain deposition and shortwave/longwave radiation as part
of boundary conditions, as well as air leakage, moisture, and heat sources. A 2D configuration
of the wall consisting of the vertical section passing through the insulation cavity was
considered. This excludes the wood studs.
3.5 Boundary Conditions
Hourly data of climate loads (temperature, RH, wind velocity, wind-driven rain, shortwave and
longwave radiations) on the cladding exterior surface were prepared according to DELPHIN
specifications. Wind-driven rain was calculated using the ASHRAE (2016) standard method.
Outdoor and indoor pressures were derived from differential pressure. The indoor T and RH
were computed assuming that the building is equipped with heating and air conditioning with a
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dehumidifier. Using ASHRAE (2016) formula, the indoor T varied from 21°C to 24°C and the
indoor RH varied from 46% to 50%. For initial conditions, the T and RH of all layers were set
to 21°C and 50% RH. As well the initial pressure was set to 101.3 kPa. Other parameters used
for boundary conditions are summarized in Table 1. All material properties were obtained from
the NRC material property database (Kumaran et al., 2002).
Table 1. Boundary Conditions.
Boundary Conditions
Heat transfer
Convective heat transfer coefficient,  (W/m2K)
Shortwave absorption coefficient
Cladding longwave emission coefficient
Ground longwave emission coefficient
Ground albedo
Moisture transfer
Water vapour transfer coefficient  (s/m)
Air leakage
Air convection coefficient (s/m)

Outdoor

Indoor

5.82 + 3.96 𝑉𝑉*

8**
-

0.6
0.9
0.9
0.1

𝛼𝛼 × 7 × 10

*: V is the wind velocity (m/s)
**: Indoor heat transfer coefficient encompasses both the convective and the radiative components

2

‒9

5.9 x 10-8
2

4 Results
The results of the preliminary analysis work relate to a combination of the following variables
in the overall evaluation matrix:
- Residential occupancy
- Low-rise building height
- Higher risk wall assembly
- Colder climate zone
- Historical and Future weather data
- Air leakage rates of 0.0, 0.05, 0.15, and 1.0
L/(s•m2)@75 Pa
The initial year was considered a conditioning year to allow stabilization after the initial
boundary set points. Results are presented for relative humidity only, as the conditions for mold
development were not reached over the two year simulation. Only results for the second year
are discussed.
Preliminary results show that, based on the air path used, either; a) the bottom portion of the
OSB in contact with the insulation, or b) the top left surface of the bottom plate, are more
susceptible to condensation. For this paper, the results for the top left surface of the bottom plate
was used to compare the impact of air leakage rates and climate change.
4.1 Effects of Air Leakage Rate and Climate Change
Figure 4 and 5 show the relative humidity profiles for each air leakage rate for the top left
surface of the bottom plate for the reference wall (W1), for Historical (Figure 4) and Future
(Figure 5) climate scenarios. Some key observations can be made:
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Figure 4. RH profiles, top left surface of bottom
plate, reference wall (W1). Historic weather data.

Figure 5. RH profiles, top left surface of the bottom
plate, reference wall (W1). Future weather data.

Air Leakage Rate:
- All curves follow the same general profile as the 0.0 air leakage rate.
- All curves indicate that they have not normalized after the conditioning year, suggesting
the length of simulation is insufficient to identify the final trends in moisture loading.
- Air leakage rates of 0.05 and 0.15 give almost identical results, regardless of climate
scenario. Both of these air leakage rates show increased RH over the 0.0 rate.
- Air leakage rate of 1.0 has lower RH compared to 0.05 and 0.15. This is due to the cavity
warming from the higher rate of warm air leakage (Ojanen and Kumaran 1995)
Climate Change:
- Differences of up to 4% for Historical climate and 5% for Future climate are found
between the case with no air leakage and the cases with leakage rates of 0.05 and 0.15.
- The Future climate model shows that up to 85% RH is reached in wood materials, while
in the Historical climate model, up to 80% is reached.
- Future climate data shows an increase of up to 8% in RH over Historical climate.
- Future climate shows sustained increase in RH versus Historical climate after the 710
day mark in the simulation. Historical climate shows a decrease in RH while Future
climate shows sustained increase.
- The RH has not normalized for both climate scenarios, suggesting that the length of
simulation is insufficient to provide suitable information on moisture loading.
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5 Conclusions
This preliminary work is intended to document a methodology for assessment of air leakage
rate and climate change on wall assembly durability. The initial assessment demonstrates that
results that indicate the relative wall assembly performance under different air leakage rates can
be used to establish inputs into a durability analysis. The results also demonstrate that
differences between historical and future climate data suggests the methodology has merit.
However, it was also determined that conducting hygrothermal simulation using two years
of climate data does not provide sufficient output data to assess stabilized moisture trends and
mold development risks. Since mold development risk is a key criteria for long term durability
assessment, future analysis work must use longer simulation durations.
Also critical is the length of the simulation “conditioning” time frame to allow the assembly
component normalization of temperature and moisture conditions. Longer simulation
timeframes will provide a better understanding of required conditioning durations.
Future work must analyze different; climate zones, building heights, building occupancies,
wall assembly composition, and formal durability risk assessments for each result to understand
the importance of air barrier performance on durability in a changing climate.
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Abstract. Hygrothermal simulations are commonly used to evaluate the moisture damage risk of
building envelopes over the long-term. For such assessment to be accurate, a proper selection of
representative climate data is required. A common method is the selection of a moisture reference year
from a set of available long-term climate data. For instance, the IRC-led research consortium MEWS
(Moisture Management of Exterior Wall Systems) developped the Moisture Index (MI) approach, which
consists of a wetting and a drying function. Therefore, the reference year selection would be based on
the MI ranking. ASHRAE 160 is adopting a procedure named “the severity index” for the selection of
moisture reference year. Combining climate loads and durability criteria, this method allows to select
more “severe” weather years, thus providing a more representative ranking of the weather data. The
objective of this paper is two-fold. First, to compare the selection of the moisture reference year based
on two different approaches for both historical and future climate loads. Second, the effect of chosen
representative years is evaluated and compared to long-term simulation periods (of 31-years) based on
the durability of building assemblies. The methodology includes hygrothermal simulations of two
different types of wall assemblies located in three different Canadian cities under a changing climate.
In general, higher mold index values were obtained by the long-term simulation and MRYs using Isev.
Comparing the results of different models under future climates, the three methods were in good
agreement, except for a brick wall facing WDR in Ottawa and Vancouver. This might be due to the Isev
correlations were developed based on a north-facing stucco wall. In addition, for a north-facing wall,
an extremely low mold index was predicted for Vancouver, compared to WDR direction. Thus,
considering a north-facing wall as a criterion for performance evaluation might misrepresent the reality
in some locations. Hence, both WDR and North orientations should be considered. A further study will
be carried out to investigate the performance evaluation of Isev method for different types of wall
systems and orientations.
Keywords: Moisture Reference Year, Durability,Wind-Driven Rain, Mold Index, Climate Change.

1 Introduction
With the increased concern of climate change, severe rainfall events are more likely to happen.
Therefore, water penetration in wall assemblies, resulting from the coupled action of rain and
wind, may cause moisture to accumulate in building envelopes which can lead to degradation
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of building materials; thereby, reducing their performance and service life. Heat, air and
moisture (HAM) simulation tools are typically used to determine the risk to deterioration of
buildings’ elements. However, these tools neccessite the selection of representative climate
data, as well as a good understanding of the moisture conditions, in order to provide an accurate
assessessement (Delgado et al., 2012). Therefore, a moisture reference year is usually selected
from existing long-term climate data to represent a climate that allows a correct evaluation of
the moisture stress on the building envelope (Zhou et al., 2016).
Different methods were introduced in the past and have been used to define moisture
reference years (Hagentoft and Harderup, 1993; Harderup, 1994; Geving, 1997; Kalamees and
Vinha, 2004; and Zhou et al., 2016). The IRC-led research consortium MEWS (Moisture
Management of Exterior Wall Systems) developped the Moisture Index (MI) approach, which
includes wetting and drying indices (Cornick et al., 2003). The wetting index (WI) can be
represented by the mean annual total horizontal rainfall or the annual wind-driven rain load.
The drying index (DI) is based on the yearly evaporation potential – meaning the total hourly
difference between the saturation vapor ratio and actual vapor ratio of the ambient air. Besides,
ASHRAE (2010) has further developed MRY selection measures, combining climate loads and
durability criteria to select more “severe” weather years, thus providing a more representative
ranking of the weather data. This new approach – the Severity Index (Isev), consists of a simple
equation that would be used to calculate the predicted damage function value for each year.
Salonvaara et al. (2010) have demonstrated that Isev is the most reliable and the most accurate
among all available methods in selecting the most severe years in terms of hygrothermal
performance for climates in North America.
The objectives of this paper is to compare the selection of the moisture reference year based
on the moisture index (MI) and the severity index (Isev) methods for both historical and future
climate loads. The effect of representative years on the durability assessment of building
assemblies is evaluated under different moisture loads including rain leakage. A comparison is
thus made between the effect of selected representative years and the long-term simulations on
the durability of building assemblies.

2 Methods
2.1 Weather Data
Weather data were provided by the National Research Council of Canada (NRC). A continuous
time-series1 of hourly climate data was prepared for a baseline time-period spanning from 19862016 and a 31-year long future time-period selected for when projected global warming of
3.5°C is expected to be reached in the future (Gaur et al., 2019). According to projections from
Environment and Climate Change Canada (2018), future projected data of a 3.5oC increase,
will be reached between 2062-2092. Each data set includes 15 realizations; however, only the
median realization based on MI was used.

1

The full dataset can be accessed from: 10.17605/OSF.IO/UPFXJ.
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2.1.1

Selection of Reference Years

The selection of reference years was made with the intention to test wall assemblies under more
representative design weather years in the selected timelines. Moisture Index (MI) and severity
index (Isev) have been chosen as the indices for selecting the reference years. Both methods
were used to select one (1) year as the reference year.
Following the previous work performed at NRC (Cornick et al., 2003), MI for every hour
(MIh) was calculated as a function of hourly wetness (WIh) and dryness (DIh) indices. WIh is
calculated as normalized accumulated hourly rainfall. Dryness index (DIh) was calculated as a
function of the difference between saturation vapor pressure and vapour pressure of the ambient
air (∆vp). The saturation vapor pressure, pvs, was calculated using Equation (1), retrieved from
the ASHRAE Handbook of Fundamentals (ASHRAE, 2009).
𝐶𝐶#
+ 𝐶𝐶$ + 𝐶𝐶% 𝑇𝑇 + 𝐶𝐶& 𝑇𝑇 $ + 𝐶𝐶' 𝑇𝑇 % + 𝐶𝐶( 𝑇𝑇 & + 𝐶𝐶) ln(𝑇𝑇)
𝑇𝑇
ln(𝑝𝑝!" ) = '
𝐶𝐶*
+ 𝐶𝐶+ + 𝐶𝐶#, 𝑇𝑇 + 𝐶𝐶## 𝑇𝑇 $ + 𝐶𝐶#$ 𝑇𝑇 % + 𝐶𝐶#% ln(𝑇𝑇)
𝑇𝑇

𝑓𝑓𝑓𝑓𝑓𝑓 𝑇𝑇 < 0

(1)

𝑓𝑓𝑓𝑓𝑓𝑓 𝑇𝑇 ≥ 0

Where, C1 = -5.6745359 E+03; C2 = 6.392524 E+00; C3 = -9.6778430 E-03; C4 = 6.2215701
E-07; C5 = -5.6745359 E+03; C6 = -9.4840240 E-13; C7 = 4.163501 E+00; C8 = -5.8002206
E+03; C9 = 1.3914993 E+00; C10 = -4.8640239 E-02; C11 = 4.1764768 E-05; C12 = -1.4452093
E-08; C13 = 6.5459673 E+00; and T denotes the ambient temperature (K).
The magnitude of ∆pv is calculated using Equation (2):
∆𝑝𝑝- = 𝑝𝑝-" − 𝑝𝑝-

(2)

𝐼𝐼./01234567 = (𝐼𝐼 − 𝐼𝐼14. )/(𝐼𝐼128 − 𝐼𝐼14. )

(3)

𝑀𝑀𝑀𝑀9 = 7(1 − 𝐷𝐷𝐷𝐷9,./01 )$ + 𝑊𝑊𝑊𝑊9,./01 $

(4)

Wetting and drying indices are normalized following Equation (3):
Normalized values of ∆pv were used as DIh magnitudes. Wetting and drying were assumed
to be of equal importance and thus they were given equal weight in the determination of the
moisture index (MIh).

Based on ASHRAE (2010), the severity index (Isev) for each year is calculated according to
Equation (5):
𝐼𝐼"6- = 108307 − 241. 𝐸𝐸- − 1391. 𝐼𝐼;3 − 312326. 𝜙𝜙 + 183308. 𝑟𝑟!7 + 15.2. 𝑝𝑝+ 27.3. 𝑇𝑇 $ + 261079. 𝜙𝜙 $ − 0.00972. 𝑝𝑝-$

(5)

Where, Ev is the solar radiation (W/m2) incident on the wall; Icl is the cloud index (0-8); ϕ is
the relative humidity; rwd is the wind-driven rain (kg/m2.h) on the wall; pv is vapor pressure
(Pa), and T is the ambient temperature (°C). As specified by the method, Isev was calculated
for the orientation receiving the least solar radiation (North). All the weather parameters were
calculated in terms of annual average values for each year; using the number of hours during
that year.
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Once both annual average MI and Isev values were available, the years comprising the
chosen time-period were ranked in ascending order, and the year corresponding to the 97th
percentile, (ranked second out of the 31 years) in each time-period was chosen as the MRY.
Figure 1 shows the annual average values of MI and Isev at each location, for a wall facing
North.

Figure 1. Comparison of annual moisture index MI (a) and Isev (b) in Ottawa (Ott), Vancouver (Vanc) and
Calgary (Cal) for a North-facing wall based on historical data.

Table 1 summarizes the selected MRYs based on different locations under historical and
future time-periods.
Table 1. Summary of selected moisture reference year and their MI and Isev values.

City
Ottawa
Ottawa
Vancouver
Vancouver
Calgary
Calgary

Data
Historical
Future
Historical
Future
Historical
Future

MRY (MI)
2010 (0.937)
2085 (0.918)
2012 (0.943)
2075 (0.921)
2005 (0.928)
2089 (0.903)

MRY (Isev)
2009 (12856.4)
2069 (18720.0)
2002 (7132.8)
2092 (9766.5)
1995 (7874.8)
2092 (11198.8)

2.2 Wall Assemblies
Two (2) wood frame wall assemblies, typical of Canadian residential building practice, were
selected for this study. They differ only in their cladding type: stucco (19 mm) and brick (90
mm). A drainage cavity of 25mm and 10mm was designed for the brick and the stucco wall,
respectively. Figure 2 shows the configuration of the wall assemblies.

Figure 2. Wall assemblies’ configuration for brick (a) and stucco (b).
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2.3 Wall Orientation
This study was carried out for two wall orientations for each location: the orientation with the
least annual solar radiation – meaning on a North-facing wall (N), and the orientation with the
highest amount of annual wind-driven rain, calculated according to ASHRAE
(ANSI/ASHRAE, 2016). The critical orientation (WDR) is presented in Table 2 for each city.
Table 2. Characteristis and wall orientation for selected Canadian cities.
City
Ottawa
Vancouver
Calgary

Lat.

Long.

45.25°
49.28°
51.05°

75.42°
123.12°
114.07°

Climate
zone
6
5
7A

Time
zone
-5
-8
-7

Critical orientation
(WDR)
202.5° (SSW)
157.5° (SSE)
337.5° (NNW)

2.4 Boundary Conditions
2.4.1

Indoor Boundary Conditions

The indoor temperature and relative humidity conditions were selected as constants and set to
21oC and 50%, respectively. For the indoor vapour diffusion and the heat conduction, the
transfer coefficients were assumed as 1.52*10-8 s/m and 8 W/m2K, respectively.
2.4.2 Outdoor Boundary Conditions
Outdoor boundary conditions include heat conduction, vapor diffusion, wind driven rain, short
wave radiation and long wave radiation. To compute the longwave radiation, the boundary layer
method was selected in Delphin. The required longwave emission coefficient of the building
surface was set to 0.9, whereas the convective heat transfer coefficient was calculated based on
Equation (6):
ℎ;6 = 4 + 4. 𝑣𝑣

(6)

Where, v is the wind speed. The reflection coefficient of the surrounding ground (albedo)
was 0.2 and the absorptance coefficient of the cladding surface was equal to 0.6 for brick and
0.3 for stucco.
2.4.3 Wind-Driven Rain
WDR was calculated using the ASHRAE method (ANSI/ASHRAE, 2016) for a 3.5 storey
building located in the suburban area. Assuming a medium exposure factor, the rain exposure
factor (FE) and the rain deposition factor (FD) were set to 1.0 and 0.5, respectively.
2.5 Initial Conditions
The wall was first condionned with suitable climate and simulations were performed for a
period of 7 successive years using the average year (based on MI ranking). Once a steady
cyclical pattern was observed at the exterior side of OSB, the average temperature and relative
humidity for each material were exported and used as initial conditions.
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2.6 Performance Attributes for Assessing Wall Performance
One important performance attribute for wood-based building elements is the resistance to
mould growth. Under favourable conditions of temperature and relative humidity, mould fungi
can grow on building component surfaces and this is often regarded as problematic in respect
to indoor air quality (Wang et al., 2018). OSB is susceptible to mould growth if subjected to
these favourable conditions. The outward layer of the OSB sheathing (~ 0.1 mm) was selected
as the critical location for this study. The mould growth index was calculated using Viitanen’s
model implemented in DELPHIN (Viitanen et al., 2000).
Several trials were made to select the air change per hour (ACH) value in drainage cavities,
in a way that the mold index stabilizes around a value of 3 during the long-term simulation.
Different values of ACH were set based on the cladding type and the location (Table 3).
Table 3. ACH values selected according to different cladding and locations for North and WDR orientations.
Brick
6

Ottawa
Stucco
10

Vancouver
Brick
Stucco
12
40

Brick
3

Calgary
Stucco
5

2.7 Simulations
Manual discretization was adopted; for the sheathing membrane and the vapour barrier, an
equidistant mesh of 3 elements was assumed. Other materials were divided into three sections
– with first and last sections of equal thicknesses. A fine and variable mesh was used for the
latter, while an equidistant mesh was opted for the middle section.
A moisture source of 1% of the WDR was assumed and applied on the exterior wythe of the
sheathing membrane – on the first layer of the membrane (ANSI/ASHRAE, 2016).
Each selected MRY was repeated 5 times; however, evaluation was made only for the 5th
year. These results were compared to those of a long-term simulation of 31 consecutive years.

3 Results and Discussion
Figure 3 shows the predicted risk to mold growth on the outer layer of OSB for different types
of walls under different climate loads, which were selected based on different reference year
methods, i.e., MI and Isev. Results are compared to that of a long-term simulation (31-Y) in
three Canadian cities. The 31-Y results were selected for the year having the second highest
mold index value. In general, the differences amongst the mold indices vary with the cladding
type, the location (climate) and the wall orientation. Comparing the impact of MRY selection
method, in most of the cases, the mold index is found higher based on Isev selection – meaning
that MRYs selected according to Isev predicted a higher damage risk than years selected based
on MI. Moreover, results of the 31-Y seem more in accordance with Isev.
For a brick wall (Figure 3a), mold index values are found higher for Isev and 31-Y, and in
some events, especially in Ottawa, results for Isev seem to overestimate the risk. This may be
due to the difference between the MRYs selected by Isev and the years corresponding to the 2nd
highest mold index value for the 31-Y. It seems that the climate selected based on Isev is more
favorable for mold growth. However, for stucco (Figure 3b), results are found to be more
consistent; with 31-Y estimating highest mold index values. Moreover, the difference between
the methods had a greater impact on the wall performance. For instance, both 31-Y and Isev
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estimated a considerable risk to mold growth compared to results given by MI. For a wall facing
North in Ottawa, a maximum mold index value of 4.5 and 5 was attained for historical and
future climate, respectively for 31-Y. Using the Isev method, values of 4 and 4.8 were reached.
However, using MI, maximum values of 1 and 2.8 were attained for different climates. Likewise
in Calgary, the difference in mold prediction risk varried considerably between the methods.

Figure 3. Summary of maximum mold index predicted through a long-term study (31-Y) and using MRYs given
by Isev and MI for historical (H) and future (F) climatic loads, for walls facing North (N) and WDR.

It can be also observed that in Vancouver, when the wall is facing North, all three methods
predicted no risk of mould growth. This can be explained due to a low amount of WDR
impiging on a North facing wall in that city. It is also important to note the effect of the selection
method on the assessment of the climate change impact on the hygrothermal response of walls.
Mold index values increased under future climate loads in most of the cases, to the exception
of a brick wall facing towards the WDR in Ottawa and Vancouver using Isev. Results showed
a slight decrease in mold index for Ottawa but a considerable decrease for Vancouver (Figure
3a). The severity index calculated was based on the correlations developed for a North-facing
orientation. Discrepancy may exist when the same year is used to evaluate walls oriented
towards the prevailing WDR direction for cities with WDR direction distinctly different from
the North and for absorptive cladding that is more sensitive to WDR. Further investigation is
required on the aspect of wall orientation. The impact of climate change is more consistent for
the stucco wall (Figure 3b), where the difference of mold index is increased by up to 2 indices
(for the case of a north oriented wall in Ottawa and Calgary).

4

Conclusions

In this study, the effect of selecting MRYs on the expected long-term moisture performance
and durability is investigated from results derived from hygrothermal simulations of typical
wood-frame wall assemblies in three Canadian cities. The durability performance was assessed
based on the potential to mold growth on the OSB sheathing incorporated in stucco and brick
veneer clad wall assemblies. Results showed that the use of different climate load indices (i.e.
MI or Isev) can lead to different conclusions on the moisture performance of these types of
wood-frame walls. In general, higher mold index values were obtained from the long-term
simulation and MRYs using Isev for both walls in all three locations. Comparing the results of
different models under future climates, the three methods were in good agreement, except for
a brick wall facing WDR in Ottawa and Vancouver. This might be due to the fact that the Isev
correlations were developed based on a North-facing stucco wall (ASHRAE, 2010). In addition,
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for a north-facing wall, an extremely low mold index was predicted for Vancouver, compared
to the value of the mould index as was attained from simulations when the prevailing WDR
direction was used as input to the climate loads. Thus, considering a North-facing wall as a
criterion for performance evaluation might misrepresent the actual moisture behavior in some
locations. Hence, for each location, both WDR and North orientations should be considered. A
further study will be carried out to investigate the performance evaluation of Isev method for
different types of wall systems and orientations.
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Abstract. The 5th Assessment Report of the Intergovernmental Panel on Climate Change (IPCC)
reports important evolutions in the climate system. These changes are likely to affect the durability of
the built environment. Although many contemporary studies investigate the future energy efficiency of
buildings, research on the impact of climate change on the hygrothermal behaviour and degradation of
building envelopes is rather scarce. Using climate projections, we studied the advantage of
‘hygrothermal response based’ analyses over ‘climate based’ analyses when assessing the impact
climate change on façades. This paper presents a sensitivity study on solid masonry wall assemblies,
before and after internal retrofitting, using three RCP (Representative Concentration Pathways)
projections of the ALARO-0 Regional Climate Model at the grid point of Brussels (BE). The findings
suggest the necessity of a ‘hygrothermal response based’ analysis to study the sensitivity of the building
envelope to climate change. Moreover, the largest sensitivity is observed for RCP 8.5, the scenario
having the highest projected greenhouse gas concentrations by the end of the century.
Keywords: Hygrothermal Response, Building Envelope, Climate Change, HAM Simulation, Masonry.

1 Introduction
The Fifth Assessment Report of the Intergovernmental Panel on Climate Change reports
significant changes in the climate system (IPCC, 2014). Since pre-industrial times the global
surface temperature has increased ca. 1°C, and is projected to rise further during the 21st
century. Along with that, extreme events are influenced by the increased greenhouse gas (GHG)
emission in our atmosphere. Across Europe, heat waves and extreme precipitation are likely to
become more frequent, more intense and separated by longer periods of drought, and the
number of freezing days is likely to decrease (IPCC, 2014).
The built environment will be significantly affected by climate change (de Wilde and Coley,
2012; Fatorić and Seekamp, 2017). Many studies focus on the energy efficiency of our building
stock regarding climate change. This study investigates the climate sensitivity of retrofitting
strategies of historical buildings to increase their thermal resistance and airtightness. As exterior
retrofitting of heritage buildings is often not allowed due to the façade’s historical value, interior
retrofits may be the only solution to improve the energy efficiency of the building envelope
(Straube and Schumacher, 2010). Studies on the durability of internally retrofitted solid
masonry show that this strategy might increase the risk of moisture-related damages, as freezethaw action. However, few studies investigate the impact of climate change on the long term
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durability of these retrofits, and there is no sound methodology to implement climate
projections in Heat Air Moisture (HAM) simulations.
This paper aims to study the difference between a ‘climate based’ and ‘hygrothermal
response based’ analysis when assessing the freeze-thaw risk in solid masonry, before and after
internal retrofit, with regards to climate change.

2 Methodology
The 1-dimensional HAM simulations in this study are performed in Delphin 5.9.5, which has
been successfully benchmarked in the past by the HAMSTAD Benchmark exercises a.o.
(Nicolai, Grunewald and Zhang, 2007).
2.1 Climatological Conditions
This work applies the 4-km resolution ALARO-0 Regional Climate Model (RCM) data of the
CORDEX.be project (Termonia et al., 2018) to investigate the climate impact. Climate data for
the period 1950-2100 are selected for the Uccle gridpoint. For the period 1950-2005 the
historical run will be used, while for the 2006-2100 timeframe different climate projections
forced by scenarios for future GHG emissions are considered to investigate the climate
sensitivity. The Representative Concentration Pathways used in this study are RCP 2.6, RCP
4.5 and RCP 8.5, representing respectively a low, intermediate and high radiative forcing
(IPCC, 2014).
The modelled meteorological parameters, used in this study, are air temperature (Tair),
relative humidity, wind direction and velocity, precipitation, direct and diffuse shortwave
radiation and downward longwave radiation. Climate model data are known to be subject to
systematic biases. As this manuscript is focussed on the sensitivity (and no absolute values) of
the HAM simulations to climate scenarios, no bias correction has been applied on the data.
The indoor Tair and relative humidity are calculated based on the standard ISO 13788, and
range between 20-25°C and 35-65% respectively, depending on the outdoor Tair.
The HAM model is pre-conditioned by repeating the 1st year of the dataset four times, given
this year does not represent extremes. The conditioning years are not part of the evaluation.
2.2 Wall Assemblies
Two variants of a solid masonry wall assembly are considered. In both cases the masonry has
a width of 300 mm, and is selected from the Delphin Material Library, i.e. ‘Historical Brick
Cluster 4’. The original wall assembly is finished with 12 mm of gypsum plaster (interior). The
second masonry wall (without plaster) is retrofitted at the interior with mineral wool (150 mm),
open vapour barrier (sd = 2.3 m) and gypsum board (12 mm). The masonry is assumed
homogenous brick, as this simplification is found acceptable by Vereecken and Roels (2013).
The critical degree of moisture saturation for freeze-thaw damage to occur, is not known for
the selected brick material. Therefore, the arbitrary value of 25% ice volume rate is used
(Straube, Schumacher, & Mensinga, 2010). The critical moisture content (MCcrit) for the
masonry is 82.5 kg/m³. Note that this is a conservative value, considered as worst-case scenario.
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2.3 HAM Simulations
Five situations are analysed: i) the original solid masonry wall facing the south-west (SW)
(225°), the prevailing wind-driven rain (WDR) direction in Uccle, for RCP 8.5, ii-iv) the
retrofitted wall facing SW for RCP 2.6, 4.5 and 8.5, and v) the retrofitted wall facing the northwest (NW) (315°) for RCP 8.5, to study an orientation receiving less solar radiation and a smaller

WDR load.

The climate data and simulation results are analysed using the moving average per period of
30 years. All simulation results are analysed at a depth of 5 mm in the masonry (exterior side),
as this is generally a critical depth for freeze-thaw action (Vandemeulebroucke et al. 2019).

3 Results
3.1 ‘Climate Based’ Analysis
The moving average of the annual mean air temperature (Tair,mean,annual) confirms the warming
trend over the 21st century especially for RCP 4.5 and 8.5, illustrated by the dotted lines in
Figure 1 (IPCC, 2014). For the RCP 2.6 scenario which assumes strong mitigation measures,
the temperature reaches a maximum around 2050. The warming over the whole period is ca.
1°C, 1.5°C and 3°C for RCP 2.6, 4.5 and 8.5 respectively. Tair,mean,winter, i.e. the average
temperature during the period December-January-February, confirms the temperature trends.
Analysed frost indices are the annual hours of frost and the number of freeze-thaw cycles based
on temperature (FTCT,air), considering freezing at -5°C and thawing at 0°C. These threshold
values are selected anticipating the ‘response based’ analysis, as Straube and Schumacher
(2006) suggest that no significant freeze-thaw damage occurs between 0°C and -5°C. Both the
hours of frost (Tair) and the number of FTCT,air decrease by one third for RCP 4.5 and two thirds
for RCP 8.5. The climate change signal for RCP 2.6 is less clear.
Furthermore, the annual precipitation amount is increasing for RCP 4.5 (7-10%) and 8.5 (912%). Again the climate change signal for RCP 2.6 is less clear (Figure 2). Changes are not as
uniform as for Tair,mean, since precipitation has stronger year-to-year variability. The fraction of
annual precipitation occurring in winter is ca. 25% and increases by 0-4% for RCP 4.5 and 8.5.
The other climate variables, e.g. as wind direction and velocity, show only small changes
over the course of the 21st century (not illustrated here).
3.2 ‘Response Based’ Analysis
The ‘response based’ analysis indicates that the mean temperature at 5 mm in the masonry
(T5mm,mean), illustrated by the solid lines in Figure 1, follows the same trend as the Tair,mean.
However, the offset between the climate data and the simulated response of the masonry differs
per season, wall assembly and orientation, ranging between -0.3°C–2.2°C. The offset slightly
decreases towards the end of the 21st century. Except for the retrofitted walls in winter,
T5mm,mean is higher than Tair,mean. The highest values are observed for the original wall for
RCP 8.5 due to the lack of thermal insulation. The differences between the climate and response
data are smaller in winter compared to the rest of the year. Whereas wall surfaces can heat up
to temperatures higher than 40°C due to shortwave radiation, these surfaces are cooled down
below Tair due to longwave radiation exchange with the sky hemisphere. Besides, the heat
capacity of the brick masonry and embedded moisture both influence the T5mm. Therefore, the
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hours of frost (threshold of 0°C) and the number of FTCT (freezing at -5°C and thawing at 0°C)
differ between the climate data (based on Tair) and simulation results (based on T5mm), but also
between the individual situations (Figure 1).
The hours of frost and FTCT at 5 mm depth in the masonry follow the decreasing trend of
the climate data for RCP 4.5 and 8.5 (Figure 1). Here, the offset between the climate and
simulated results ranges between -25% – 20%, and -57% – 6%, respectively for both indices.
The hours of frost (T5mm) is the highest for the retrofitted SW-wall, whereas the retrofitted NWwall entails almost equal values compared to the climate data. The hours of frost (T5mm) is the
lowest in the original wall. Moreover, the number of FTCT,5mm is the highest for the retrofitted
NW-wall during the historical period. Whereas later on, the retrofitted NW-wall is similar to
the retrofitted SW-wall, for RCP 8.5. The number of FTCT,5mm is the lowest for the original
wall. Differences become smaller towards the end of the century.

Figure 1. Moving average of the annual mean temperature (top, left), the mean temperature in winter (top,
right), the annual hours of frost (bottom, left) and the annual number of FTC (freezing -5°C/ thawing 0°C)
(bottom, right) at 5 mm depth in the masonry (O: original, R: retrofitted). The dotted lines present the air
temperature climate data (cyan: RCP 2.6, green: RCP 4.5 and red: RCP 8.5).

To analyse the moisture management, WDR load and moisture content at 5 mm depth
(MC5mm) are evaluated. The drying potential is outside the scope of this paper. The WDR load
depends on a complex relation between precipitation, wind velocity and wind direction, but
also on catch ratio, height and wall orientation a.o. (Blocken and Carmeliet, 2010). As expected,
the order of magnitude between the precipitation (‘climate based’) and WDR load (‘response
based’) differs significantly (Figure 2). Besides, there is a large difference in WDR load
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between the two orientations. As there is no significant climate change signal for wind direction
and velocity, the increase in annual WDR load for the SW-orientation can be related to the
increasing precipitation. For the NW-orientation, the WDR load remains low and there is no
clear climate change signal. Analysing the percentage of precipitation and WDR load in winter,
there can be observed that the percentage is significantly higher for the SW-WDR load (+40%), than the precipitation amount (+-25%) (Figure 2). For a given precipitation amount, the
percentage SW-WDR load in winter is higher because of higher wind velocities during this
season. Both the precipitation and WDR load illustrate an increase in percentage during the
winter, meaning that the climate change signal is not constant over the year.

an

Figure 2. Moving average of the annual precipitation (top, left), the annual wind-driven rain load (top, right), the
fraction of annual precipitation or WDR occurring in winter (bottom, left) and the moisture content in winter at 5
mm depth in the masonry (bottom, right) (O: original, R: retrofitted). The dotted lines illustrate the climate data
(cyan: RCP 2.6, green: RCP 4.5 and red: RCP 8.5).

The MC5mm,mean,winter increases towards the end of the 21st century for RCP 8.5 (Figure 2).
Especially for the original wall, which is SW orientated, and the retrofitted SW-wall, there is a
clear climate change signal. The difference between the wall assemblies is significant. The
MC5mm,mean,winter of the retrofitted SW-wall is ca. 3 times larger than the original wall, and ca. 6
times larger than the retrofitted NW-wall. The MC5mm,mean,winter in the retrofitted SW-wall
exceeds the MCcrit for all three RCP projections.
Please note that the differences between the individual RCP projections for the WDR load
and MC, considering the retrofitted SW-wall, are smaller than the differences between the wall
assemblies and orientations (Figure 2). This means that the uncertainty about the WDR load
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and MC induced by the variation in wall assembly and orientation is significantly larger than
the uncertainty induced by the RCP projections.
Furthermore, the number of FTCT,5mm cannot be directly compared to the FTCcrit,5mm in the
masonry, as the latter is related to both the temperature and moisture saturation degree in the
pore matrix. However, the trend lines of both indices are analysed. As for the hours of frost
(T5mm) and FTCT,5mm, a decreasing trend in number of FTCcrit,5mm is observed for RCP 4.5 and
8.5, but this trend is less pronounced (Figure 1 and 3). Although the number of FTCT,5mm in the
retrofitted NW-wall (RCP 8.5) is the highest in comparison to the other situations (Figure 1),
the number of FTCcrit,5mm is the lowest for that wall and remains close to zero (Figure 3). The
number of FTCcrit,5mm for the retrofitted SW-wall in RCP 8.5, on the other hand, is the highest
amongst the different situations for the three RCP’s. The climate change signal shows a
decrease of 20% and 45% for RCP 4.5 and 8.5, respectively. The original wall (RCP 8.5)
displays a significantly lower number of FTCcrit,5mm, but higher than the retrofitted NW-wall.
No clear climate signal is observed for the original wall. Additionally, Figure 2 illustrates the
number of FTCcrit,5mm per year. Please note that the annual variation is very large, even for the
original wall assembly.

Figure 3. Moving average of the annual number of critical freeze-thaw cycles (FTC) (left) and the number of
critical FTC per year (right) (O: original, R: retrofitted).

4 Discussion
The ‘climate based’ analysis illustrates that there is an increase in Tair, leading to a decrease in
hours of frost (Tair) and FTCT,air by 33% for RCP 4.5 and 66% for RCP 8.5. This suggest that
there might be a future decrease in freeze-thaw action in the brick masonry. The precipitation
amount, on the other hand, is increasing over the course of the 21st century by about 10% for
RCP 4.5 and 8.5. Besides, the percentage of precipitation in winter increases, and so does the
precipitation amount during that season. This means that the moisture load is distributed more
towards the cold season. An increase in moisture load may increase the likelihood of the MCcrit
to be exceeded in the masonry upon freezing, potentially increasing the number of FTCcrit.
The ‘hygrothermal response based’ analysis assesses the combined effect of the climate data
with a particular wall assembly for a given orientation. Although the T5mm follows a similar
trend compared to the climate data, there is an offset between the different trend lines depending
on the wall assembly and orientation, but also on the season. As freeze-thaw action is sensitive
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to small changes in temperature, this may lead to a different number of FTCT in the masonry
(Grossi et al., 2007). Therefore, also the hours of frost (T5mm) and FTCT,5mm display a significant
offset per simulated case, respectively between -25% and 20%, and between -57% and 6%.
The WDR load increases by ca. 10% for RCP 4.5 and 8.5 over the 21st century as for
precipitation, and the WDR percentage and load during winter increases. However, whereas the
percentage in winter is ca. 25% for the precipitation amount and slightly higher for the NWWDR load, the percentage SW-WDR load is ca. 40%. The increase in percentage over the
century is larger for the WDR load than precipitation amount. Thus, the distribution of moisture
load in winter is underestimated by the ‘climate based’ analysis.
In porous materials, no freeze-thaw damage will occur regardless the number of FTCT,5mm if
the critical degree of moisture saturation is not exceeded (Fagerlund, 1973). Therefore, the
moisture management of the building envelope is a key factor when assessing freeze-thaw risk.
The MCmean,winter cannot be estimated based on only the climate data. The ‘hygrothermal
response based’ results suggest increasing values of MCmean,winter throughout the 21st century,
and large deviations between the simulated cases. The order of magnitude of MCmean,winter
differs with a factor up to 6 between the combinations of wall assembly and orientation.
The retrofitted SW-wall for RCP 8.5 results in 20-35% more FTCcrit,5mm than the original
wall (same orientation). The number of FTCcrit,5mm remains close to zero for the retrofitted NWwall throughout the 21st century. Considering the number of FTCcrit,5mm, the climate change
signal ranges between a decrease of 0% and 45%, depending on wall assembly and orientation.
This means that the decrease of 66% in freeze-thaw action based on Tair (RPC 8.5), is mitigated
by the increase in moisture load. Besides, it illustrates that the presence of interior retrofit and
orientation induce a large uncertainty about the future freeze-thaw behaviour in solid masonry.
Future research should focus on the influence of biases in the RCM on the climate change
signal when performing HAM simulations, especially when considering damage mechanisms
at exact threshold values such as the freezing point. Whereas bias correction might seem an
appropriate solution, this practice is not evident when dealing with the climate data for HAM
modelling. The climate variables are related in a complex, non-linear manner, e.g. temperature
and relative humidity. Correcting the variables without altering the correlations as well as
maintaining physical laws is a difficult and non-trivial practice. As an alternative to bias
correction, climate model ensembles, i.e. combining data from different RCM’s, are used to
estimate uncertainties and manage biases. Therefore, the results presented in this paper, which
only consider one RCM, will be complemented with results from different high-resolution
RCM’s across Belgium in future studies.

5 Conclusion
Frost indices based on air temperature (Tair), i.e. considering the ‘climate based’ analysis,
suggest that there is a decrease in frost action towards the end of the 21st century based on the
ALARO-0 RCM. Both the hours of frost (Tair) and freeze-thaw cycles (FTCT,air) are decreasing
by 33% for RCP 4.5 and 66% for RPC 8.5. Precipitation amounts are increasing by about 10%
for both RCP projections, and the fraction of annual precipitation occurring in winter is
increasing as well. This may lead to higher future moisture loads, increasing the likelihood for
the critical moisture content to be exceeded in the masonry upon freezing. The number of
critical freeze-thaw cycles at 5 mm depth in the masonry (FTCcrit,5mm), resulting from the
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‘hygrothermal response based’ analysis, is decreasing between 0-45% depending on wall
orientation and the presence of interior retrofit. It is concluded that although freeze-thaw action
is reduced, the increase in moisture load could counteract this and lead to an increase in frost
related damages. Besides, orientation and presence of interior retrofitting entail large
uncertainties about the future freeze-thaw risk of solid masonry. Therefore, HAM simulations,
i.e. ‘hygrothermal response based’ analyses, are required when assessing the freeze-thaw
behaviour of solid masonry, before and after retrofitting, with regards to climate change.
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Abstract. Mould growth is a biodeterioration phenomenon that jeopardizes the integrity, functionality
and durability of building envelopes. The performance to withstand biodeterioration depends on the
critical hygrothermal conditions inside the envelope. These conditions are subject to the configuration
of building envelopes, and climate exposure, accounting for both the outdoor weather and indoor
environments' conditions. These critical conditions are likely to intensify in response to the changing
climate, and hence, modification and adaptation of the envelopes' configuration will be required. An
understanding of the implications of envelope configurations' choices is required to set up guidelines
for forthcoming building envelope design. Parametric analyses are a potent source of insight to
investigate how the input parameters influence the desired outcome. In light of this, a parametric
analysis is carried out to investigate the performance of three building envelopes to withstand mould
growth. The impact of climate change in the performance evaluation is accounted for by employing both
historic and future climate change scenarios in which the global climate temperature change is forecast
to be 3.5oC. Input parameters related to the simulation of mould growth are also investigated.
Recommendations to current building envelope design guidelines are drawn for the performance
evaluation to withstand mould growth.
Keywords: Building Envelope, Climate Change, Mould Growth, Performance Evaluation.

1 Introduction
1.1 Context
Mould growth is a biodeterioration phenomenon that jeopardizes the integrity, functionality and
durability of building envelopes. The performance to withstand biodeterioration depends on the
critical hygrothermal conditions, on the investigated material within or outside the building
envelope, and also on the chosen approach to assess these conditions. The hygrothermal
conditions are subject to the configuration of building envelopes on the one hand, and climate
exposure, accounting for both the outdoor weather and indoor environments' conditions on the
other hand. These critical conditions are likely to intensify in response to the changing climate,
and hence, the exposure and strains will increase suggesting that the performance of building
envelopes will have to accommodate new exposure. As a consequence, modification and
adaptation of the envelopes' configuration will be required. Design approaches to performance
evaluation to withstand mould growth available in current guidelines are more qualitative rather
than quantitative. In most cases it is stated that mould growth should be avoided; a common
criterion is based on a combination of threshold values of maximum relative humidity and a
range of temperature values. However, mould growth is a complex biological phenomenon and
studies show that its mathematical representation should simultaneously account for at least
four factors: temperature, relative humidity, time, and substrate (Gradeci, Labonnote, Time, &
Köhler, 2017). Many mould models, mathematical representations of the mould growth
process, have been proposed during the past decades, but very few of them have been
implemented in standards. ASHRAE 160 is indeed the only norm to base their guidelines on a
mould model (VTT), and it suggests the growth not to exceed VTT index 3. Meanwhile, new
guidelines which account for the performance to withstand mould growth are being developed
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for the design of building envelopes (Lacasse et al., 2018). In light of this, two research question
are raised: (i) What are the implications of climate change in the hygrothermal conditions within
the building envelopes and how is this reflected in the performance evaluation to withstand
mould growth?, and (ii) How can current building envelope design guidelines be improved
when considering the performance evaluation to withstand mould growth?
1.2 Aim and Objectives of the Study
The aim of this study is twofold: (i) to understand the implications of climate change in the
performance evaluation to withstand mould growth; (ii) to provide recommendation to current
building envelope design guidelines regarding the performance evaluation to withstand mould
growth. The objectives that address the aforementioned aims are:
- to analyse the variations of the hygrothermal conditions within the building envelope by
comparing historical and future climates,
- to investigate the changes of simulated mould growth within the building envelope by
comparing historical and future climates.
- to investigate the impact of the selection of input in the simulated mould growth, including
the choice of sensitivity and material class, simulation runtime, and performance criteria.

2 Material and Methods
2.1 Building Envelopes
Three North American wall assembly configurations are chosen and shown in Figure 1.

a) Wall Configuration 1(left) and 2 (right)

b) Wall Configuration 3
Figure 1. Three different wall assembly configurations.

2.2 Simulation and Evaluation of Mould Growth
2.1.1

Hygrothermal Simulations

The hygrothermal simulations are performed by WUFI 6.3 ® (Hartwig Michael Künzel, 1995),
which has been validated by experimental studies for similar constructions (Mundt Petersen
and Harderup, 2011). The initial conditions within the wall are set at RH = 80% and T = 20 oC.
Accounting for wind-driven rain falls out of scope of this study. The applicability of current
available models for accounting for and determining the exposure for wind-driven rain may be
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questionable for ventilated structures (Tietze et al., 2017). The hygrothermal conditions
between the wind barrier layer and insulation layer are investigated since they offer most
favourable conditions for microbial growth. A monitor is placed in the asphalt impregnated
paper for first case study or wood-fibre insulation board for the second case study. A schematic
overview of the simulation process is provided in Figure 2. The selected location is Calgary,
Canada. Two sets of climate data are implemented. They were generated in (Gaur, Lacasse, and
Armstrong, 2019) and include the following: a) 15 historical climate data set, and b)15 climate
data set for a climate change scenario in which the global climate temperature change is forecast
to be 3.5 oC. The indoor climate is set up as Medium Moisture Load +5% according to EN
15026 (15026, 2007) for each of the case studies.
2.1.2

Performance Evaluation

The hygrothermal conditions are retrieved for each case study and then processed in WUFI
Model Index VTT 2.1 (WUFI-VTT, 2018), which is an add-on developed within a collaboration
between the Finnish research institute VTT and Fraunhofer IBP. This add-on allows for
calculation according to the VTT model. Three parameters are investigated from the model: the
material class and sensitivity class that account for different building materials and the decline
rate when mould is exposed to unfavourable conditions (see Appendix).

Figure 2. Schematic overview of the simulation process and its parameters.

3 Results
3.1 Implication of Climate Change in the Hygrothermal Performance of the Selected
Building Envelopes
3.1.1 Implication in the hygrothermal conditions within the building envelopes
Table 1 shows the number of occurrences in hours of relative humidity and temperature that are
usually favourable for the conditions of mould growth. The results are depicted for the three
wall assembly configurations for the average of occurrences of the set of 15 historical and future
climates. The results show that the effect of climate change is different for the three walls. For
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the first wall, it can be observed higher levels of temperature and relative humidity compared
to the historic exposure in the investigated layer, asphalt impregnated paper. In the other two
walls the difference of hygrothermal conditions between the historic and future climates appears
insignificant in the investigated layer, wood fibre insulation board, which lies a bit further away
from the outdoor climate exposure, and hence its hygrothermal conditions may be highly
dependent on the indoor climate.
Table 1. Comparison of occurrences in hours of higher levels of temperature and relative humidity between
historical and future climate files for 30 years simulations.

Historical

Future

Wall 1
Relative Humidity [%]

Wall 2
Wall 3

Temperature
15-20 20-25 25-30 30-35
15-20 20-25 25-30

30-35

80-85
85-90
90-95
95-100

1
567
13316
12825

5
504
5155
3935

8
284
1282
441

3
67
88
5

308
1278
5307
3336

260
685
1314
309

80-85
85-90
90-95
95-100

539
274
106
26

183
65
25
4

22
6
2
0

1
0
0
0

359
216
94
12

187
61
14
3

28
3
0
0

1
0
0
0

80-85
85-90
90-95
95-100

448
124
33
0

102
23
2
0

11
1
0
0

0
0
0
0

449
110
17
0

141
13
0
0

18
1
0
0

0
0
0
0

46
223
1022 1594
17117 11985
19840 11064

3.1.2 Implications in the performance to withstand mould growth
The simulated mould growth results for the three wall assembly configurations exposed to 15
different outdoor climate files (both for historic and future) are plotted in Figure 3 and Table 4.
The maximum simulated mould growth in a period of 30 years has been selected for each case
study. For the first wall, the mould growth is simulated for the asphalt impregnated paper with
the assumed sensitivity class 'medium resistant - relatively low decline'. For the second and
third wall, the mould growth is simulated for the wood-fibre insulation board with the assumed
sensitivity class 'sensitive - low decline'. As expected from the previous results, the difference
between the simulated mould growth under future climate and historic climate is emphasised
only for the first wall assembly configuration. Moreover, the results show that the simulated
mould growth is sensitive to the uncertainties of outdoor climate for the first wall configuration
assembly. Contrarily, the other two walls do not appear to be sensitive to the uncertainties of
the outdoor climate, which may be justified from the fact that the hygrothermal conditions at
the monitor position are highly dependent on the indoor climate.
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Figure 3. Results of mould growth for three wall assembly configurations simulated under historical and future
climate files.
Table 2. Results of mould growth for three wall assembly configurations simulated under historical and future
climate files.

Climate File
Mean
Standard Deviation

Wall 1
Historic
Future
2,4
2,83
0,15
0,18

Wall 2
Historic
Future
1,43
1,48
0,09
0,08

Wall 3
Historic
Future
0,84
0,87
0,08
0,08

3.2 Implications of Input Parameters in the Mould Growth Calculation
The results of mould growth for wall assembly one and two are shown in the tables below 1 for
different selection of the sensitivity classes. For both cases it is also provided the amount of
time in years until the peak simulated mould growth is reached. The results show that in both
cases, the simulated mould growth and subsequently, the performance to withstand mould
growth, are very sensitive to the selection of the material class and the sensitivity class. For
example, in the first wall, the mould growth was simulated for the layer asphalt impregnated
paper. According to the recommendation in the help guide (WUFI-VTT, 2018), this layer may
fall under both sensitivity classes, medium resistant or sensitive with relatively low decline or
almost no decline. This choice would shift the performance evaluating from acceptable (Mould
Index lower than 3) to unacceptable (Mould Index greater than 3). This sensitivity is even more
apparent for the second and third wall. Moreover, this sensitivity of the input parameters in the
mould model is also reflected in the amount of time the simulated mould growth peak is
reached. However, the latter is not the case for the other two walls where the maximum mould
growth is reached within the first months, as expected considering the materials that were used
in this simulation and that the initial conditions within these materials were assumed RH=80%.

4 Discussion and Recommendations
4.1 Implications of Climate change in Building Envelope Design
The results show that the implication of climate change, as accounted for by the generated
climate files, can vary depending on the configuration of the wall assembly and numerical
simulations. While the difference in the outdoor historic and future climate files is significant,
The results of the third wall were similar to the second wall and were not shown to save space. In addition, the
results are provided only for the first 5 historic climate.
1
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its implications in the simulated mould growth were not. It was observed that mould growth
results were intensified for only one among the three selected walls. This implies a potential
future case scenario for building materials present in wall assemblies that is different from the
current state, and hence underlies the need for a more detailed investigation of the hygrothermal
conditions of different wall configurations. The latter can be exploited by carrying out multiple
parametric analysis of simulated walls exposed to generated future climate. The results can be
useful for direction and ideas of the properties that future building materials should have.
Table 3. Results of mould growth depening on different selection of input parameters of VTT model for wall
configuration 1.

Climate
1
2
3
4
5

Max Mould Growth [VTT Index] in 30
years
S-ND
S-LD
MR-LD
4,65
4,55
2,49
4,70
4,65
2,47
4,70
4,70
2,55
4,70
4,60
2,35
4,60
4,60
2,28

Years until peak
S
4
7
5
5
4

MR
20
21
20
22
26

S- Sensitive, MR – Medium Resistant, ND – Almost no decline, LD- Relatively low decline
Table 4. Results of mould growth depening on different selection of input parameters of VTT model for wall
configuration 2.

Climate
1
2
3
4
5

Max Mould Growth [VTT Index] in 30 years
S-ND
S-LD
VS-ND
1,5
1,480
4,250
1,380
1,290
4,100
1,360
1,280
4,100
1,430
1,350
4,300
1,350
1,300
3,800

Years until peak
VS-LD
4,150
3,900
4,000
4,180
3,750

1
1
1
1
1

S- Sensitive, VS – Very Resistant, ND – Almost no decline, LD- Relatively low decline

4.2 Recommendations about Building Design Guidelines
Choice of sensitivity class and material class: The study demonstrated that the simulated
mould growth is very dependent on the selection of the sensitivity class and material. Shifting
from one class to another can change the (un)acceptable performance of the building envelope.
Current materials classes and sensitivity classes may not provide the required detailing that can
accommodate current materials used in building envelopes. Therefore, the study underlies the
need for the provision of a more detailed guideline recommending the categorization of
common building materials into the respective sensitivity class of the mould model.
Simulation runtime: This study demonstrated that peak of mould growth can vary
depending on wall configuration. In many mould models, the growth is represented as
cumulative, with few ones considering optionable decline when unfavorable conditions are met.
This underlies the need for connecting the performance criteria to runtime simulation. In other
words, if the simulation runtime is short, then the performance criteria should be relative and
conservative enough to accommodate the designated service life, otherwise, if the simulation
runtime is as long as the designated service life, then the performance criteria should reflect the
maximum absolute amount of tolerable mould growth.
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Performance criteria: Currently, the only available performance criteria specifying the
maximum acceptable level of mould growth is provided in ASHRAE 160, suggesting an
amount of mould growth not to exceed VTT Index 3. The World Health Organization (2007)
claims that there exists an association between health consequences and occurrence of mould
growth; even though, there is no clear evidence that relates the microbial growth and mortality.
This would imply that the threshold value should be depending on the case being investigated.
For example, the same threshold may not be acceptable as in a hospital or other environments
with higher exposure. Hence, the development of performance criteria to withstand mould
growth can be approached by merging the following categories:
1. Mould Index levels. The mould index can have values from 0 to 6, as in the VTT model.
2. Direct consequences. The direct consequences of the mould growth are related to Indoor
Air Quality (IAQ) and aesthetics.
3. Exposure and extension. Different levels of microbial growth can be associated with
different levels of indirect consequences depending on several extents and exposure. They
can be categorised based on: the depth of the wall (outer part of the wall, within the wall
and inner part or contact with the indoor environment); the height of the building (i.e.
underground, first floor, upper floors); part of the building (close to risk spots, the front part
of the building); and typology of the building (i.e. hospital, museum, residential, office).
4. Simulation runtime. The design criteria should also consider the reference period as argued
before.

Figure 4. Schematic overview of developing performance criteria for the evaluation to withstand mould growth.
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Appendix: Details of input for VTT mould model
Table 5. Mould sensitivity classess and their respective materials according to the VTT mould model.

Mould sensitivity
class
Very sensitive
Sensitive
Medium resistant
Resistant

Materials
Untreated wood, includes lots of nutrients for biological growth
Planed wood, paper coated products, wood based boards
Cement or plastic based materials, mineral fibres
Glass and metal products, materials with efficient protective
compound treatments

Table 6. VTT index and performance criteria according to ASHRAE 160.

VTT
Index
0
1
2

4
5
6
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Description of the growth rate
No growth

Interior
Acceptable/
Green light

Interfaces
Acceptable/
Green light

Small amounts of mould surface
(microscope), initial stages of local
growth
Several local mould growth colonies
Yellow traffic
on surface (microscope)
light
Visual findings of mould on surface,
Unacceptable/
Yellow traffic
<10% coverage, or <50% coverage of Red light
light
mould (microscope)
Visual findings of mould on surface,
Unacceptable/
10 - 50 % coverage, or >50% coverage
Red light
of mould (microscope)
Plenty of growth on surface, > 50%
coverage (visual)
Heavy and tight growth, coverage
about 100%
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Abstract. A newly developed generic algorithm to assess moisture susceptibility of simplified wall
assemblies has been developed within the CIB-W080 WG 2. This group is focusing on guidelines for
design for durability of building envelopes. The algorithm is implemented in a publicly available Matlab
code. A simplified wall assembly consisting of up to four material elements is considered. Optional
vapor retarder and thermal resistances are located between the elements. In this paper modelling of a
ventilated cladding is implemented. Using the simplified numerical model, a probability‐based risk
analysis using the Monte Carlo method is demonstrated. The risk assessment of the wall assembly
considers the interior and exterior climatic load. The moisture transport mechanism accounted for in
the analysis is diffusion. The rain load is assumed to be transferred directly to a chosen outer susceptible
material element in the construction. An insulated wooden wall structure is analyzed and the probability
distribution of the time of wetness is presented for cases using sequence of 31 consecutive climatic years,
randomly varying indoor moisture excess, indoor temperature and driving rain leakages.
Keywords: Climate, Driving Rain, Simplified Model, Risk Analysis, Monte Carlo Simulation.

1 Introduction
The performances of buildings can vary quite a lot even if the design look identical in the
drawings. The uncertainties are manifold and originate from the selection of the initial condition
of materials, dimensions, and material properties. Also, the operation of the building causes
uncertainties originating from the actual indoor moisture excess, internal heat gains, air
infiltration, and ventilation. Obviously, weather conditions and the exposure to the external
environment are also sources of uncertainties; this is illustrated in Figure 1. Because of all the
uncertainties and possible variations, the total life cycle cost for the operation and maintenance
of a stock of buildings will vary randomly due to the spread in factors such as initial investment,
energy use, hygrothermal performances, and performance failures. To make balanced and
sound choices of design strategies and investment decisions, all these factors should be
included. The results from the IEA EBC project RAP-RETRO (Annex 55) (Hagentoft, 2017;
Bednar and Hagentoft, 2015; Hagentoft et al., 2015a; 2015b; 2015c; 2015d) are intended to
improve methods and tools for the integrated evaluation and optimization of retrofitting
measures, including energy efficiency, life cycle cost, and durability.

doi:10.23967/dbmc.2020.197
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Figure 1. Random variation of cloud type representing variability and uncertainties.

One part of the annex 55 project was to develop and validate probabilistic methods and
tools for energy use, lifecycle cost, and functional performance. The scope of this paper is to
investigate the possibility to use a simplified numerical model for the heat and moisture transfer
in a wall assembly. This model, intended to be used to assess moisture susceptibility of wall
assemblies, is based on four material elements, each having resistances for vapor and heat
between and at the surfaces, and includes rain intrusion. This approach represents several steps
forward in terms of precision compared with the older and more traditional Glaser method and
other later proposed models (Sanders, 1996; Hagentoft and Harderup, 1996). It is expected to
be well in line with modern detailed moisture calculation models. With the proposed model, a
probabilistic assessment of the risk for failure of various performances such as time of wetness,
mould growth, and heat loss can be investigated. Also, sensitivity analysis can be performed on
different calculation parameters.
The mathematics of the model is explained in detail (Hagentoft and Johansson, 2019) and
can be implemented on various platforms such as Matlab or Python.
This work is a part of CIB W080, WG2, for the guidelines on design for durability of
building envelopes for use by engineers and designers who are unlikely to have tools at their
disposal to determine model inputs. It will provide background knowledge for hygrothermal
simulations and long term durability risk assessments considering climate change. Within this
work, the National Research Council (Conseil national de recherches Canada), NRC, provides
climate data sets for historic and future scenarios.
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2 Case Study
The investigated construction in this paper is an insulated wooden wall with an exterior air gap,
see Figure 2. The insulation layer, outside the wooden layer, has a thickness of 300 mm and a
thermal conductivity of 0.033 W/(m·K) while the wooden boards are 128 mm thick with a
thermal conductivity of 0.14 W/(m·K). The material properties for the insulation and the wood
are presented in Table 1 and Table 2.

Exterior side

Interior side

Weather board
Air gap
300 mm Insulation layer
128 mm wooden boards

Figure 2. Insulated wooden wall that is investigated. The monitoring position is marked by the arrow.
Table 1. Material data for insulation and wood.

Material

Density
(kg/m3)

Insulation
Wood

200
430

Thermal
conductivity
(W(mK)
0.033
0.14

Spec. heat
capacity
(J/kgK)
800
1,600

Diffusion
resistance
factor (-)
2
30

Table 2. Moisture sorption isotherms.

Relative
humidity
0
35
50
70
80
90
95
99.9
100

Insulation
(kg/m3)
0
0.25
0.40
0.47
0.53
0.60
1.0
10
100

Wood
(kg/m3)
0
37.5
47.5
65.0
77.5
100
117.5
140
1000
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3 Weather Data
The historical and future climate data for the Canadian cities Toronto and Vancouver, see Table
3, were selected. The data was provided by (Gaur et al., 2019) who produced time-series of 30
consecutive years with hourly climate data corresponding to historical time-period (1986-2016)
and future time-series corresponding to 2°C and 3.5°C increase in global temperature. In this
paper the former climate scenario was selected.
Table 3. Data for Toronto and Vancouver.

City

Latitude
(°C)

Longitude
(°E)

Toronto

43.7

-79.4

Population
in 2016
(1000s)
3731.6

Vancouver

49.3

-123.1

2463.4

Climate zone

Great lakes/St.
Lawrence lowlands
Pacific coast/South
British Columbia
Mountains

3.1 Driving Rain Model
The rather simple and straight forward (Lacy, 1965) model is used to estimate the driving rain
intensity, rv (mm/(m2h)), hitting the façade.

=
rv 0.208 ⋅ cos(θ ) ⋅ v ⋅ rh

=
rv 0 if θ > 90°

(1)

Here, v (m/s) is the average wind velocity. The angle θ (-) is the angle between the wind
direction and the normal of the considered wall. The formula relates the intensity of the rain
hitting a horizontal surface, rh (mm/(m2h)), to a vertical one.
The modelling of the rain intrusion, bypassing the insulation layer, into the outer part of the
wood, is based on 1% of the driving rain intensity. The leakage is based on a uniform random
distribution, meaning that only one tenth of the rain events result in leakage corresponding to
an intensity of 1% of the actual driving rain at that event. Table 4 presents the direction
dependent driving rain intensity in each 30-year period in Toronto and Vancouver.
Table 4. Toronto and Vancouver driving rain intensity, the total summation of each 30-year period (tonnes/m2).

Direction
North
East
South
West

Toronto
(historica
l)
6.64
7.68
9.15
7.09

Toronto
(+2°C)

Vancouver
(historical)

Vancouver
(+2°C)

7.97
9.41
8.65
6.25

1.19
18.5
26.5
4.32

1.61
19.9
26.8
4.53

The calculations show that direction South was the dominant direction for driving rain in
Toronto, but in the future, this will change to East. In Vancouver, South is the dominant
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direction for driving rain, both historically and in the future. In this study, for simplicity, only
main compass directions were used and a South facing façade was chosen for both cities and
for all the climate time-series.
3.2. Solar Radiation
Direct solar radiation and diffuse solar radiation on a vertical surface was given in the climate
files. This was recalculated to hourly solar radiation for an inclined surface facing South based
on angle of incidence, horizontal shadow angle and vertical shadow angle on inclined surface
evaluated in middle of hour from reference year with hourly radiation data (Duffie and
Beckman, 1991). The albedo of the ground was assumed to be 0.2.

4 Simulation Model
In the simplified model, a wall assembly consisting of four material elements is considered.
Optional thin elements (zero thickness) with heat and vapor resistances are included in the
model that for instance can be used for the representation of a vapor retarder. The risk
assessment of the wall assembly considers the interior and exterior climates. The use of an
equivalent external temperature permits consideration not only of the air temperature, but also
of the effects of the long- and short-wave radiation. A prescribed driving rain intrusion function
must be included that accounts for the effect of water leakage to the interior of the wall
assembly. Prescribed outdoor and indoor water vapor concentrations are assumed where the
moisture transport mechanism accounted for in the analysis is diffusion. The heat transfer is
based on heat conduction. Heat and moisture convection are not accounted for. The moisture
transfer is assumed to be driven by the gradient in humidity by volume.
The moisture transfer coefficient is treated as a constant, based on an average expected
relative humidity in the material being considered. The heat is transferred by conduction, the
thermal conductivity of the material is considered constant. The moisture content depends on
the relative humidity only, and hysteresis is neglected. The latent heat due to evaporation and
condensation is neglected. Many of these restrictions might be added in new coming versions
of the model.
4.1 Ventilated Cavity
The following parameters are of importance: Rout , Ra , α c ,cd , α r , Z cladding . They are the total
thermal resistance from the interior cladding surface to the outdoors including external surface
resistance, air flow rate of the gap behind the cladding, the combined conductive and convective
heat transfer coefficient of the air gap, the radiant heat transfer coefficient across the air gap,
and finally the total vapor resistance of the cladding.

α c = 2 ⋅ α c ,cd
α r = 4ε12σ T 3 1/ ε12 = 1/ ε1 + 1/ ε 2 − 1

(2)

In the last formula the emissivity of the surfaces surrounding the air gap is used together
with the Stefan-Boltzmann constant. The temperature is in Kelvin.
Network analysis (Hagentoft, 2001) is used to reduce it all to effective resistances and
external temperatures. The following expressions for the resistance of the analyzed structure to
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the external environment is used, and replaces those used in (Hagentoft and Johansson, 2019):
K a ⋅ T eq + K b ⋅Tout
1
1
1
eq
, Z0 =
, Tout , new =
=
R0
+
(3)
K a + Kb K 2
Ra + 1/ Z cladding
K a + Kb
The humidity by volume, vout (kg/m3), used in the model remains the same. The following
parameters are used in the expression.
Ka =

Rout

K=
K=
1
2

1
+ 1/ K1

α r ⋅αc
K

Kb =

K3
=

1
1/ ( Ra ⋅ ρ c pa ) + 1/ K 3

α c2

1
K
=
K
2 / α c + 1/ α r

(4)

Here, the volumetric heat capacity of air, ρ c pa (J/(m3K)), at atmospheric pressure is used.
4.2 Indoor Climate
In respect to the indoor conditions, the indoor temperature was varied around 20°C with a
normal distribution and standard deviation of 1.5°C. The indoor moisture excess was always
controlled to be greater than zero and varied with a normal distribution around 2 g/m3 and
standard deviation of 1 g/m3.

5 Results
For simplicity in this study, the time of wetness was used as an indicator for the durability. This
is the total time over the year that RH exceeds 80% for a specific susceptible element of the
construction. Based on the previous study (Hagentoft, Johansson, 2019), the Monte Carlo
simulations are run for a total of 600 31-consecutive-year simulations using the simplified
model. One 30-year simulation period takes 17 minutes on a PC with a 1.9 GHz Intel® Core™
i7-8650U CPU. The results for Toronto and Vancouver are presented in Figure 3, 4 and 5.
Toronto historical year 1, 15 and 31
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Figure 3. Results for the time of wetness for Toronto historical time-series.

There is a clear trend, visible both in the cumulative distribution and histogram, for Toronto
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that the time of wetness was increasing the last 30 years. The average time of wetness for year
1 was 392 hours, while it was 1566 and 2146 hours for year 15 and 31 respectively. The
continuing trend can also be found in the future scenarios, where the time of wetness is 2611
hours the first year while it is 2899 and 3831 hours respectively for year 15 and 31.
Toronto GW 2.0 year 1, 15 and 31
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Figure 4. Results for the time of wetness for Toronto future scenario +2.0°C time-series.
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Figure 5. Results for the time of wetness for Vancouver historical time-series.

Also for Vancouver there is a clear trend in the cumulative distribution and histogram, that
the time of wetness was increasing the last 30 years. The average time of wetness for year 1
was 219 hours, while it was 853 and 838 hours for year 15 and 31 respectively. It is also
interesting to note the significantly larger number of outliers in Vancouver compared to in
Toronto.

6 Conclusions
A previously developed simplified model for heat and mass transfer across walls, based on a
four-element discretization of a wall assembly has been used in the paper. The simplified model
offers good flexibility for representing multi-layer wall constructions with various barriers and
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for moisture and heat transfer in between layers. As such, it is suitable to be used for the risk
assessment of wall assemblies and similar constructions. In this paper additions to the model
are presented that make it possible to analyze structures with a ventilated cladding.
For the case presented in this paper, the impact of rain leakage on the outermost part of the
external wood layer of an insulated wooden wall was demonstrated. The risk analysis is based
on Monte Carlo simulations of 600 runs of 31-consecutive-year historical and future climate
scenarios for Toronto and Vancouver. The expected time of wetness is 5 times higher in Toronto
in 2016 compared to in 1986, and 1.5 times higher in 2064 compared to in 2034. In Vancouver
the expected time of wetness is 4 times higher in 2016 compared to in 1986. However, for
Toronto this may not be the most extreme case considering that south is not the predominant
direction of wind driven rain in the future.
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Abstract. Hygrothermal simulations are necessary to permit analyzing moisture performance when
designing building envelopes. Owing to the high computing time and cost of the long term simulations,
a common approach is to select representative year(s), the Moisture Reference Year(s), from a longterm series of climate data. It is assumed that the use of Moisture Reference Year(s) (MRYs) provides
equivalent results as those provided using long-term series. The selection of MRY(s) is by itself based
on the one of the methods available in the literature. In the present study, three methods of selecting the
MRYs were evaluated i.e. the moisture index (MI), severity index (Isev) and climatic index (CI).
Simulations were performed using individual years of historical climate data extending from 1986 to
2016 and projected future climate data representing the scenario with a 3.5°C increase in average
temperature which is expected to occur from 2062 to 2092. Brick cladding installed on a wood frame
wall assembly subjected to the climate of three different Canadian cities was selected for analysis. The
cities selected were Vancouver (BC), Calgary (AB) and Ottawa (ON). These cities have differing levels
of moisture loads. The year having the mould index value more than 3 for highest number of hours
among the individual years was compared with the MRY given by three selected methods. A method was
considered to be accurate in terms of the prediction if the year selected by that method gives the number
of hours with mould index more than 3 which lies in the same class as that of year having maximum
corresponding value. In general, it was observed that none of the methods provides the worst year with
100% accuracy, however for most of the cases, Isev method performs better than other two methods in
terms of MRY selection.
Keywords: Moisture Performance, Climate Change, Hygrothermal Simulation, Moisture Reference
Year(s) Selection Method.

1 Introduction
One of the parameters that influences the moisture performance of the wall is the outdoor
climate. However, having large number of climate parameters and estimating the effects of
these parameters over the entire service life would result in a large simulation effort. One of the
approaches to cut down the simulation time and cost is to select a year or combination of years
called Moisture Reference Year(s) (MRYs) which is assumed to represent the entire set of long
term climate data.
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The π-factor method suggested by Hagentoft and Harderup (1996) compares the absolute
humidity at the external wall surface with the absolute humidity of the outside air in order to
compute the drying potential of the wall surface. They suggested that drying out potential is
higher for a higher value of π-factor. Kalamees and Vinha (2004) used a method similar to πfactor method for selecting the MRY in terms of evaluating the risk of water vapor
condensation. Carsten Rode (1993) proposed a construction dependent method, which
compares the integral moisture content values for different wall constructions and orientations.
He suggested that the higher the value of moisture content for a particular year, the more severe
the year is in terms of moisture performance of the wall. Cornick et al. (2003) used an index
called Moisture Index (MI) to categorize the years in terms of the severity. MI method uses
wetting and drying function to compute MI and then further categorizes the year as dry, average
and wet based on lowest, average and highest MI value respectively. From a dataset of years,
the years having MI value in the range of more than one standard deviation (+/-) from the mean
MI value are considered as dry and wet years, while those years having a value within (+/-) one
standard deviation are referred to as average years. A method suggested by (ASHRAE, 2010)
combines the climate load and durability to choose the “severe” weather years and provides a
more representative ranking of the climate data. This approach, called the Severity Index (Isev),
uses an equation to predict the RHT value as a damage function. Salonvaara et al. (2010)
suggested the Isev equation as a reliable method of selecting representative years. A regression
equation used for computing RHT value considers different climate parameters. The yearly
average value of each climate parameter is used in the equation and the years are arranged in
the descending order of the RHT values. The year with the third highest (top 10% years among
31 years) RHT value is selected as MRY for the hygrothermal simulations. The authors further
compared their method with three other existing methods and concluded that their method
performs better in predicting the severe years than other methods. The Climatic Index method
suggested by Zhou et al. (2016) comprises wetting and drying components. The wetting
component depends on the annual wind-driven rain and the drying component depends on the
annual potential evaporation. Unlike MI method, this index takes into consideration the effect
of many climate parameters such as net radiation, temperature, humidity, wind speed, wind
direction and orientation of the façade. The authors made a comparison with MI method in
terms of accuracy in predicting the MRY and suggested that the year predicted using climate
index gives better result than MI method. However, based on the past research findings, none
of the methods can be considered as a universal method for the selection of MRY.
The objective of this study is to investigate three MRY selection methods i.e. Moisture Index
(MI), Severity Index (Isev) and Climatic Index (CI) in terms of their accuracy in predicting the
worst year in terms of moisture performance among a series of long-term climate data. For all
the methods, the year corresponding to the 97th percentile, (ranked second out of the 31 years)
for each climate scenario was chosen as the MRY and is further compared with the individual
year simulations to determine their capability in predicting the extreme year.

2 Methods
2.1 Description of MRY Selection Methods
Cornick et al. (2003) suggested the calculation of MI for every hour (MIh) based on hourly
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wetness (WIh) and dryness (DIh) indices. Here, WIh corresponds to the normalized hourly
rainfall and DIh corresponds to ∆pv i.e. the difference between the saturation vapor pressure and
vapor pressure of the ambient air. The saturation vapor pressure, pvs, as a function of ambient
temperature (T), was calculated as suggested by ASHRAE (2009).
The magnitude of ∆pv is calculated using Equation (1):
∆𝑝𝑝𝑣𝑣 = 𝑝𝑝𝑣𝑣𝑣𝑣 − 𝑝𝑝𝑣𝑣

(1)

𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (𝐼𝐼 − 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 )/(𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 )

(2)

Both the indices are further normalized as per the Equation (2):
Where, I is the Index of interest.

Normalized values of ∆pv and accumulated hourly rainfall were used as DIh and WIh
magnitudes respectively and equal weights are assigned for both the indices.
𝑀𝑀𝑀𝑀ℎ = √(1 − 𝐷𝐷𝐷𝐷ℎ,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 )2 + 𝑊𝑊𝑊𝑊ℎ,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 2

(3)

𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠 = 108307 − 241. 𝐸𝐸𝑣𝑣 − 1391. 𝐼𝐼𝑐𝑐𝑐𝑐 − 312326. 𝜙𝜙 + 183308. 𝑟𝑟𝑤𝑤𝑤𝑤 + 15.2. 𝑝𝑝𝑣𝑣 + 27.3. 𝑇𝑇 2
+ 261079. 𝜙𝜙 2 − 0.00972. 𝑝𝑝𝑣𝑣2

(4)

Based on ASHRAE (2010), the severity index (Isev) for each year is calculated according to
Equation (4):

Where, Ev is the solar radiation (W/m2) incident on the wall; Icl is the cloud index; ϕ is the
relative humidity; rwd is the wind-driven rain (kg/(m2.h) on the wall; pv is vapor pressure (Pa),
and T is the ambient temperature (°C). The method is explicitly valid for the orientation with
highest amount of yearly Wind-driven-rain (WDR) and least solar radiation i.e. North
orientation. A yearly average value is used for each climate parameter for each year.
Zhou et al. (2016) suggested calculation of CI based on annual wetting and drying. The
wetting component includes annual wind-driven rain and drying component is based on the
potential evaporation calculation based on Penman equation shown below:
𝛥𝛥 𝐾𝐾 + 𝐿𝐿 − 𝐴𝐴
𝛾𝛾
(5)
𝐸𝐸 =
+
ℎ (𝑒𝑒 − 𝑒𝑒)
𝛥𝛥 + 𝛾𝛾
𝐼𝐼
𝛥𝛥 + 𝛾𝛾 𝑚𝑚 𝑎𝑎
Where,

𝛥𝛥 𝐾𝐾+𝐿𝐿−𝐴𝐴

𝛥𝛥+𝛾𝛾

𝐼𝐼

represents the radiation term and

𝛾𝛾

𝛥𝛥+𝛾𝛾

ℎ𝑚𝑚 (𝑒𝑒𝑎𝑎 − 𝑒𝑒) represents the turbulence

term. E is the drying Index, K is the net short-wave radiation (Wm-2), L is the net Longwave
radiation (Wm-2), A is the conductive heat flux to the porous material (Wm-2), I is latent heat
of vaporization (Jkg-1), 𝛾𝛾 is the psychometric constant (PaK-1), 𝛥𝛥 is the slope of the relationship
between saturation vapor partial pressure and air temperature, ea is the saturated partial vapor
pressure of the air, e is the vapor partial pressure in the air (Pa) and hm is the convective vapor
transfer coefficient (sm-1). In the calculation of drying index, the conduction heat flux and long
wave radiation were neglected since their values are much smaller in comparison to short wave
radiation. Finally, the yearly sum values were taken and the CI was calculated as the ratio of
Wetting Index and Drying Index.
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2.2 Cities Selected & Wall Orientation
For the analysis, three cities were chosen from 3 different provinces of Canada: Ottawa (ON),
Vancouver (BC), and Calgary (AB). Furthermore, the selected cities vary significantly in terms
of their climate conditions. Amongst these cities, based on MI value; Vancouver and Calgary
are the wettest and driest cities respectively and Ottawa being the city with an intermediate
value of MI. The study was made for the orientation receiving least annual solar radiation i.e. a
North-facing wall (N) for each city. Further details for these cities are listed in the Table 1.
Table 1. Characteristics of the selected cities.

City (Province)

Latitude

Longitude

Ottawa (ON)
45.25°
-75.42°
Vancouver (BC)
49.28°
-123.12°
Calgary (AB)
51.05°
-114.07°
HDD18 – heating degree days below 18oC

Annual rain
(mm)
4440
0.84
750
3100
1.93
1850
5000
0.37
325
MI – moisture index

HDD18

MI

2.3 Wall Configuration
The modeled building was assumed to be a 3.5 storey type located in a suburban setting. Light
weight wood frame wall assembly with brick cladding was simulated and the wall was assumed
to be perfectly air tight. A detailed description of chosen wall assembly is shown in Figure 1.

Figure 1. Description of the wall assembly.

The material properties were obtained from NRC material property database (Kumaran et
al. 2002). For the air cavity, same value of Air Changes per Hour (ACH) was used for each city
and climate scenario. Table 2 illustrates ACH values for different claddings and locations.
Table 2. Selected ACH values for different claddings and locations.

Brick
6

Ottawa

Stucco
10

Vancouver
Brick
Stucco
12
40

Brick
3

Calgary

Stucco
5

Extensive trials were made for selecting an appropriate ACH value. For this purpose,
simulations were made by repeating the average year (based on MI ranking) for 7 times and
mould index value was computed at the exterior layer of the OSB. The aim was to choose a
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value of ACH that results in having mould index stabilizes around a value of 3.
2.4 Climate Data and Wind Driven Rain
The climate data used for the present study includes hourly climate for a consecutive 31 years:
from 1986-2016 for historical scenario; and, similarly 31 years when the global temperature
will increase by 3.5°C. (Gaur et al. 2019). An increase of 3.5ºC global increase is expected to
transpire between the years 2062-2092 as per the projections made by Environment and Climate
Change Canada (2018). It was observed that, there is a minimal variation in RH value and an
increase of approximately 5°C (annual average) in temperature from historical to future climate
conditions for each city. Wind Driven Rain (WDR) was calculated using the ASHRAE method
(ANSI/ASHRAE, 2016) assuming a medium exposure with the rain exposure factor (FE) and
the rain deposition factor (FD) set to 1.0 and 0.5, respectively.
2.5 Boundary Conditions and Initial Conditions
Indoor temperature and relative humidity were assumed constant and set to 21oC and 50%
respectively. The indoor exchange coefficient for heat conduction was set to 8 W/m2K and the
indoor vapor diffusion coefficient was set to 1.52*10-8 s/m. As per the EN ISO 6946 standard,
the convective heat transfer coefficient is ℎ𝑐𝑐𝑐𝑐 = 4 + 4𝑣𝑣, where v is the wind velocity at 10 m
height. The convective vapor transfer coefficient is related to the convective heat transfer by
the use of the Lewis analogy 𝛽𝛽𝑣𝑣 = 2.44 ∗ 10−8 + 2.44 ∗ 10−8 𝑣𝑣. The reflection coefficient of
the surrounding ground (albedo) was 0.1 and the absorption coefficient for the brick cladding
was equal to 0.6. The wall was conditioned with suitable climate by completing a consecutive
seven (7) year simulation, repeating the average year (based on Moisture index ranking). At the
end of simulation, the average value of temperature and RH for all the layers in the wall
configuration were noted and used as initial conditions.
2.6 Simulations
Simulations were run over the individual years spanning a period of 31 years for historical and
future climate using the Heat, Air and Moisture (HAM) simulation tool DELPHIN V5.9. For
this study, only one-dimensional horizontal configuration of the wall was simulated. The water
infiltration through the assembly was assumed to be 1% of the wind-driven rain and was applied
to the exterior side of the sheathing membrane, as per ASHRAE 160 (2016). Manual meshing
was opted for all the layers except sheathing membrane and vapor barrier. For these two layers,
an equidistant mesh of 3 elements was assumed. For other layers, they were divided into 3
sections with first and last sections having equal thicknesses. For these two sections, a fine and
variable mesh was used and an equidistant mesh was opted for the middle section.
2.7 Performance Indicator
For analyzing the moisture performance of the wall assembly, the mould index was computed
at the exterior of the OSB layer (0.1mm thick element size) using the method proposed by
Ojanen et al. (2010). The calculations were made assuming the sensitive class for material and
surface and a decline factor of 0.5 (assuming significant decline) when the conditions become
unfavorable for mould growth. Furthermore, for performance analysis, one way is to use the
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maximum mould index value to compare different results. However, this can be misleading,
especially in a situation when there is only one peak followed by set of low values. To tackle
this situation and capture the trend, a better idea would be to count the number of hours when
mould index value is above a threshold value and use that value as a performance indicator.

3 Results and Discussion
The accumulated number of hours when mould index (MoI) value is more than 3 was calculated
for each year of the 31-year series. Figure 2 shows the results obtained for the brick cladding
wall in Calgary exposed to future climate. It shows the total number of hours throughout the
year when the MoI value was above 3. On the secondary axis, the maximum MoI for a particular
year is shown. Furthermore, the year selected by each MRY selection method is marked on the
chart. For this particular case, it was observed that Isev method predicts the year which performs
the worst when simulated for moisture performance analysis. The years predicted by the other
two methods are far away from the extreme year (based on simulation) in that dataset.

Figure 2. Total number of hours with MoI>3 for Brick wall in Calgary for future climate.
Secondary axis shows the maximum value of MoI for each year.

To analyze the results in a more lucid way, further grouping was made wherein the hours
were divided into classes having a range of 200 hours starting from 0 and ending with hours
above 5000. The reason behind choosing a nominal value of 200 hours is to distinguish the
years selected by different selection methods.

Figure 3. Grouping of years in terms of number of hours when MoI>3 for Brick wall in Calgary for future
climate. Year given by three methods lies in one of the classes and are marked in with arrow in the chart.
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Figure 3 shows the distribution of the 31 years among the different classes for brick cladding
wall in Calgary exposed to the future climate. It is clear from Figure 3 that the year predicted
by the Isev method falls in the same class as that of the year with maximum number of
accumulated hours using simulation. For this case, the worst year is more in accordance with
the year suggested by Isev method.
Similar analysis was made for different cities considered for historical and future climate
scenarios. As a general trend, it was observed that the selection of year based on severity index
method always lies closer to the class belonging to the worst year among the series of the years.
It was observed that in Vancouver for a North facing wall, there is no risk of mould growth.
This could be explained by the fact that in Vancouver, there was a very low amount of WDR
falling on a North facing wall which in turn imposes almost no risk of mould growth.
Table 3. Summary of all the simulated cases. Year shows the year predicted by the method and class shows the
range in which the corresponding year lies. (Ott: Ottawa, Van: Vancouver, Cal: Calgary, H: Historical, F:
Future).

Case
Ott_H
Ott_F
Van_H
Van_F
Cal_H
Cal_F

Simulation
Year
Class
(in 100s)
2009
42-44
2081
>50
----1999
40-42
2092
44-46

Year
2010
2085
--2005
2089

MI
Class
(in 100s)
0-2
0-2
--34-36
42-44

Year
2009
2069
--1995
2092

Isev
Class
(in 100s)
42-44
38-40
--40-42
44-46

Year
2004
2070
--2014
2078

CI
Class
(in 100s)
30-32
46-48
--40-42
26-28

Table 3 represents the results for all the considered cases. It shows the year selected by
various methods and the year which actually performs the worst. Moreover, the table illustrates
the class in which each method lies. Closer the class of each method to the simulation results,
better the method is in its prediction. From the table it is clear that 3 out of 4 times, the year
predicted by the Isev method lies in the same class as that of extreme year using simulations.

4 Summary and Conclusions
For analyzing the moisture performance of the wall assembly, 3 different Canadian cities were
selected based on the different climate conditions. Number of hours when the mould index was
more than 3 were calculated for each year and were then compared with the corresponding
values for the MRY predicted using different methods. Different classes were made based on
the number of hours and the years falling in the same class were grouped together. None of the
three methods predicts the worst year with 100% accuracy when compared with the results from
the simulation over the individual year for the 31 year data set. Furthermore, when the methods
were compared against each other, it was observed that the severity index method was better in
predicting the extreme year than the other two methods for both set of climate data i.e. historical
as well as future climate scenario.
The study is limited to only 3 Canadian cities and it is of utmost importance to test more
cities with varying climatic conditions. Furthermore, among the three MRY selection methods
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chosen for the study, Isev method is limited to only North facing walls. Finally, the study uses
total number of hours when MoI>3 as the damage criteria for one set of historical and future
climate. The study could be further extended to analyze other damage functions for different
sets of historical and future climate scenarios. Future work will be to incorporate the
abovementioned limitations along with developing the moisture performance data for different
wall systems obtained by completing hygrothermal simulations over a consecutive 31-year
series of historical and future climate data. Later step will be to validate the (MRY), or a series
of MRYs using the results from the consecutive year simulations.
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Abstract. Nowadays the sustainability and safety requirements of structures inspire the study of new
self-healing materials and preventive repair methods on cementitious elements. To achieve this
undertaking, this research replaces widely employed synthetic polymers by biodegradable ones as
consolidants and water-repellents, and assesses the protection and consolidation effect of biopolymers
(obtained by using waste biomass of mixed microbial cultures from polyhydroxyalkanoates production
processes) as eco-friendly healing agents by analysing the water absorption of two kind of materials.
The first group of samples are cement mortar specimens whose external surface has been treated with
biopolymer products and subsequently evaluated by water drop absorption test. The second group of
samples are cement mortar specimens formulated with biopolymer products included in its mixing water
and later the waterproofing efficiency is analysed by capillary water absorption tests. The water
absorption behaviour of both kind of samples shows a potential improvement of cementitious elements
durability, since water absorption results have decreased for treated samples in comparison with
untreated ones.
Keywords: Repair Methods, Self-Healing, Polyhydroxyalknoates, Durability, Cement Mortar.

1 Introduction
During historic and prehistoric period, the use of biopolymers from plants and natural sources
was a common technique in the manufacture of construction materials. They developed suitable
behaviour in terms of reducing the water content of the binding materials, accelerating the
hardening process of the binders and achieving a compaction desirable in the production of
compacted hardened structures with appropriate durability. Thereby a suitable binder to keep
the structural integrity of aggregate-based materials used in ancient structures is reaching. In
addition, these natural biopolymers can exhibit biocidal and insecticidal properties leading to
resistance of the constructed structure to bio-corrosion as well as termite resistance (Karandikar
et al., 2014). However, nowadays the usage of biopolymers has disappeared in the most of
developed countries around the world, only in some rural areas of underdeveloped countries
these eco-friendly techniques are still practised, where the knowledge has been inherited from
one generation to another.
Demand for construction materials has been rising in recent decades in many countries, with
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the intense industrialisation and urban development induced by economic and demographic
growth, then self-healing materials and repair methods are required in construction sector.
Cement-based materials are inert, however, currently a number of chemical products are
generally added to mortar and concrete mixes to control several parameters (plasticity,
pumpability, setting time, water content, freeze-thaw resistance, strength, colour, etc.) Because
of these chemical admixtures, today cement-based materials could become more harmful to the
environment. They require more energy to be produced and more raw materials. The use of
various synthetic admixtures in cement-based materials has been proved to have contributed to
the emission of toxic species into the atmosphere (Hazarika et al., 2016).
The replacement of synthetic admixtures by natural polymers would pave the way for more
green construction. The use of natural materials as opposed to non-renewable and petroleumbased products has been identified as a potential means for reducing the embodied energy and
carbon footprint of buildings, as well as helping to create healthy and comfortable indoor
environments (Dove, 2014; Felton et al., 2013). Natural polymers are polymers synthesized by
living organisms (plant, animal, algae, fungus or bacteria) and consist of long chains made of
repeating, covalently bonded units, such as nucleotides, amino acids or monosaccharides.
Biopolymers have the potential to reduce carbon emissions since the CO2 released when they
degrade can be reabsorbed by crops grown to replace them, making them close to carbon
neutral.
Several publications have studied the usage of these natural products in the production of
earthen buildings: vegetable oils (Ogacho et al, 2003; Balo and Yucel, 2013), plant gums and
resins (Ruskulis, 2002), molasses (Vilane, 2010) or animal products (Ruskulis, 2002; Eires et
al.,2013; Beas, 1991). However, there are few studies where this kind of additions are used on
cement-based materials. In this study, the potential of a novel biopolymer from biodiesel byproduct is evaluated to realize self-sealing of cement-based materials, on one hand, and surface
repairing development of cement mortar samples, on the other hand.

2 Material and Methods
The bioproducts used as surface repairing agents were eco-friendly, being obtained by waste
biomass from a microbial mixed culture (MMC) for polyhydroxyalkanoates production using
crude glycerol (biodiesel by-product). MMC cell walls were disrupted by sonication (Sonicated
bioproduct, B-S) or not (Non-sonicated bioproduct, B-NS). For comparison, different control
samples were prepared: i) untreated; ii) specimens in which the bioproduct was replaced by the
same volume of tap water. Table 1 shows the different treatments for external addition of
biopolymers.
Table 1. Description and short names of bioproducts/biotreatments and controls.
Surface treatments
Control (no treatment)
Controls
Reference (tap water)
MMC grown with crude glycerol
MMC-glycerol bioproducts
MMC grown with crude glycerol after sonication
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Cement mortar to test the surface repair effect was produced with a cement CEM II/A-L32.5 N (EN 197-1, 2011), from Secil Group, Portugal, with a loose bulk density of 1.18 kg/dm3.
The mortar was formulated with a cement:sand mass proportion of 1:1.9, that corresponds to a
volumetric proportion of 1:3.
Triplicate specimens were prepared and tested. Bioproducts were applied onto the surface
of mortar samples by dropping into a 3 x 3 grid of 9 addition points in a surface of 40 mm x 40
mm in a total of 2 cm3 of each bioproduct suspensions using a pipette. To simulate degraded
surfaces, a cut surface of samples was treated. Samples were located on a test room one week
before biotreatments to establish uniform laboratory conditions (20 ± 2 °C and 40 ± 5% relative
humidity).
Five days after the treatment, the repairing effect was assessed by a water-drop absorption
test. This test allows evaluating the permeability variation of biotreated surfaces by monitoring
the rate of absorption of a 0.1 cm3 drop of water, that is, the time required for a material to fully
absorb a water drop under open air conditions (Figure 1). The absorption period of time was
video-recorded.

Figure 1.Steps of water drop absorption test.

Regarding internal addition of bioproducts, the cement mortar samples to test the selfhealing effect of the biopolymer at different ages was bioformulated with the composition
shown in Table 2.
Table 2. Composition and code of the cement mortar samples.
Sample
Control (Cement mortar with water
formulation)
B1 (Cement mortar with bioproduct
formulation)
B2 (Cement mortar with older
bioproduct-3 days old formulation)

Code

Sand (g)

C (g)

Water(ml)

B1 (ml)

B2 (ml)

CW

4

627.13

530

0

0

CB1

4

627.13

0

530

0

CB2

4

627.13

0

0

530

Six months after the cement mortar manufacture, the healing effect was assessed by a waterdrop absorption test, following the same steps explained previously for the surface treatment
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samples. Triplicate specimens were tested, which were located on a test room one week before
measurements to establish uniform laboratory conditions (20 ± 2 °C and 40 ± 5% relative
humidity).

3 Results and Discussion
The results of the water drop absorption time of surface biotreated samples are represented in
Figure 2, which showed that the samples exposed to only water (H2O sample) reduced the time
until water drop absorption, being a negative effect on the mortar durability, as expected.
However, when the cement mortar was treated with non-sonicated bioproduct (B-NS), a
waterproof effect was observed, since the water drop absorption time increased 601% in
comparison with control sample. If the mortar surface is treated with the sonicated bioproduct
(B-S), the waterproof response is even greater, since B-S sample showed a water absorption
time 912% higher than the control sample. The development of a waterproof film in the external
part of the sample (surface and external cracks), due to the biopolymer deposition is the reason
of the better performance of treated samples in comparison with Control and H2O samples.

Water drop absorption
time (s)

50
40
30
20
10
0

Control

H2O

Sample

B-NS

B-S

Figure 2. Water drop absorption time of surface treated cement mortar samples.

Authors as Subbiah et al. (2018) used silane enriched with nanomaterials as water-repellent
on cement mortar, obtaining a 10% water absorption decrease. Treatment of cement mortars
with nano-silica was tested by Hou et al. (2014) and they observed a water permeability
decrease, by reducing the volume of pores larger than 50 nm and the threshold value of the pore
network. Other authors as Chandra et al. (1998) applied water extracts of cactus to biotreat the
surface of Portland cement mortar samples, achieving up to 83% improvement in water
resistance.
The Figure 3 shows the water drop absorption time for the cement mortar with water (CW)
and the bioformulated cement mortar with the biopolymer at different ages (CB1 and CB2).
Although, deeper studies should be developed to decrease the standard deviation in the data,
the results of this test state that the self-healing effect of biopolymer presence, since CB1
samples spend 12,5% more time to absorb the water drop than the CW sample. When the age
of the biopolymer is increased (CB2 sample), the self-healing effect is even greater, raising the
water drop absorption time until 16,7% in comparison with the control sample (CW). The better
performance of bioformulated cement mortar than the conventional mortar in water drop
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absorption test can be related with the low water accessible porosity on bioformulated samples
due to the polyhydroxyalkanoates production on cement paste, which apparently increased over
time, considering short periods of time.

Time until water drop
absorption (s)

10
8
6
4
2
0

CW

CB1

CB2

Figure 3. Time until water drop absorption of CW, CB1 and CB2 samples.

Previous results have already shown that addition of ecofriendly polymers on cement-based
materials generated positive findings on material durability, such as Chandra et al (1998), who
used the water extract of cactus in preparation of Portland cement mortar and this natural
polymer improved water absorption and freeze-salt resistance. Also Chandra and Aavik (1983)
used black gram as binder in cement mortar and stated that it worked like air entraining agent,
improving the hydrophobicity of cement mortar. They also tested the addition of oil along with
black gram, which worked as a defoaming agent and substantially improved the hydrophobic
property of cement mortar. Hazarika et al. (2018) used a plant based polymeric material as a
low cost chemical admixture in cement mortar and concrete preparations. The addition of this
bio-admixture decreased the water absorption capacity as well as the porosity of the mortar
samples.
In addition, the two approaches tested on this study showed that external treatment of mortar
samples with biopolymers are more effective than when bioproducts are incorporated like
mixture addition (bioformulation).

4

Conclusions
-

The treatments with MMC bioproduct from glycerol showed a significant decrease of
the permeability on the surface biotreated samples. The sonicated biopolymer exhibited
a greater repairing effect than the non-sonicated one.
Addition of MMC bioproduct on the formulation of cement mortars implied a positive
effect on its durability and this result was greater when the bioproduct solution was
older, involving a relatively short period of time (few days).
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Abstract. Ice is one of the few substances on Earth that expands when it freezes. Consequently, this
phase change causes damage to porous cementitious materials that absorb water and undergo freezethaw cycling. Inspired by nature, the objective of this work is to characterize biomimetic antifreeze
polymers (BAPs) that explicitly mimic the behavior of antifreeze proteins (AFPs) and antifreeze
glycoproteins (AFGPs) naturally found in plants, fish, insects, and bacteria for use as a concrete
additive. The ultimate goal of this work is to enhance the freeze-thaw durability of ordinary portland
cement (OPC) concrete without the use of traditional air entraining agents (AEAs). This work will
highlight recent research that has shown that small additions, less than 0.1% by wt. of cement, of
BAPs that exhibit ice recrystallization inhibition (IRI) activity can mitigate freeze-thaw damage in
OPC paste and concrete while entraining less than 3% air.

Keywords: Biomimetic Antifreeze Polymer, Freeze-Thaw Durability.

1 Introduction
1.1 Freeze-Thaw Damage
Concrete exposed to cyclic freezing and thawing temperatures is susceptible to damage. It is
commonly accepted that hydraulic, osmotic, and crystallization pressures develop when ice
forms in the pore structure of concrete leading to internal micro-cracking (Powers, 1975;
Scherer et al., 2005). The internal damage reduces the durability by decreasing overall
compressive strength, increasing susceptibility to water and ion ingress, and increasing
susceptibility to additional freeze-thaw damage.
1.2 Mitigation of Freeze-Thaw Damage in Concrete
The default method used to mitigate freeze-thaw damage in OPC concrete since the 1930s has
been through the creation of an entrained air void system via the addition of air entraining
agents (AEAs). Research into other methods include super absorbent polymers to create
properly sized and spaced voids (Lausten, et al., 2015), supplementary cementitious materials
(Sabir, 1997; Duan, et al., 2013) and nanoparticles (Behfarnia, Salemi, 2013; Gonzalez, et al.,
2016) for reducing porosity, hydrophobic materials to reduce water ingress (Liu, Hansen,
2016), and polymeric fibers for containment of crack propagation (Nam, et al., 2016).

doi:10.23967/dbmc.2020.176

105

Mohammad Matar, Shane Frazier, and Wil V. Srubar III

1.2.1 Air entraining agents
AEAs stabilize air voids during the mixing process through a surfactant mechanism. The air
voids provide pressure relief sites and preferred locations for ice formation in hardened
concrete. In the field it is commonplace to only measure fresh state air content to predict the
effectiveness air entrainment, with prescribed values being 3-7.5% by volume of concrete
(ACI Committee 201, 2016). However, much research has shown that a proper pore size and
pore size distribution, spacing factor, and minimum water saturation level (<86%) must be
met for the air void system to be effective (Li, W, et al., 2012; T. C. Powers, et al. 1954; L.
Du, et al., 2005; S. Chatterji, et al., 2003). AEAs can be highly effective when properly used
but notable drawbacks include a reduction in mechanical strength, increased permeability, and
retardation of set time (X. Chen et al., 2013; H. S. Wong et al., 2011). Additionally, it is
difficult in the field to obtain a proper size distribution and spacing factor. Recent research
has indicated that even when an air void system is properly created, that after a minimum
water saturation level is met damage is inevitable (Li, W et al., 2012).
1.3 Biomimetic Antifreeze Polymers
Nature produces antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs) to allow a
variety of cold climate species to survive. Although AFPs display excellent antifreeze
properties, they are currently not an economical option due to limitations in production and
they are known to lose functionality in the highly basic and ionic environment of concrete (E.
Delesky et al. 2019). There are a variety of polymeric materials that have shown similar
behavior to AFPs and AFGPs, primarily ice recrystallization inhibition (IRI) activity, with
PVA being the most widely studied (T. Congdon et al. 2013). IRI activity results in the
reduction or even prevention of ice crystal grain growth over time (i.e., Ostwald ripening).
The chemical functionality of PVA mimics the highly hydroxylated carbohydrates of AFGPs.
Although PVA is soluble in water, it requires mild heat to go into solution. To this end, a
more soluble polymer like polyvinyl alcohol-polyethylene glycol graft copolymer (PEGPVA) is of interest. Recent work (Frazier et al., in review) showed that PEG-PVA displays
IRI activity which was expected due to the fact that it is composed of 75% PVA (E. A. Fouad
et al. 2011).

2 Experimental Methods
2.1

Specimen Preparation

Specimens were prepared using the mix compositions described in Table 1. Specimens were
divided into three test groups and labeled according to their PEG-PVA content. One test
group, AEA in Table 1, contained a commercially available liquid AEA.
The components of each test group were mixed and poured into cylindrical and prismatic
molds. Three 4”x8” cylinders were made for compression testing. Four 3”x3”x16” prisms
were made for each test group where three were subjected to freeze-thaw cycles and one kept
at ambient conditions for the duration of the freeze-thaw testing. All specimens were stored at
room temperature in a vibration-free environment and covered to prevent evaporation of
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water. After 48 hours, specimens were removed from the molds and transferred to a saturated
Ca(OH)2 solution for the remainder of the curing process. Water was saturated with calcium
hydroxide per ASTM C511 (ASTM 2003) to prevent leaching of calcium hydroxide.
Cylindrical specimens were cured for twenty-eight days per ASTM C 192 (ASTM 2006) and
prismatic specimens for 14 days per ASTM C 666 (ASTM 2008).
Table 1. Mix compositions used for all analysis.

Material (per cubic yard)
Cement (Type I/II) (lb.)
Fine aggregate (lb.)
Coarse aggregate (lb.)
Water/cement ratio (%)
PEG-PVA/cement ratio (%)
Air entraining agent (mL/100 kg cement)

Control
521
1011
2040
50
0
0

Test Group
PEG-PVA
521
1011
2040
50
0.066
0

AEA
521
1011
2040
50
0
15

2.2 Fresh State Concrete Properties
Slump and fresh state air content of mixed concrete were measured according to ASTM C143
(ASTM 2011) and C231 (ASTM 2010), respectively. The slump test was performed using a
slump test set (Humboldt H-3645). Fresh state air content was determined using a concrete air
meter (Humboldt H-2783).
2.3 Hardened State Concrete Properties
The hardened state air content was estimated by measuring the volume of all voids with a
diameter greater than 15 µm from micro X-ray computed tomography (MXCT, ZEISS Xradia
520 Versa) scans. The diameter of 15 µm was chosen based on the accepted size range of air
voids (P. K. Mehta et al., 2006), previous research (Kim, K.Y., et al., 2012), and resolution
capabilities of MXCT. Cubes with a volume of ~1 in3 were cut from samples before exposure
to freeze-thaw cycles and used for the scans. The MXCT source voltage was set to 140 kV
and the power to 10 W. The source and detector locations were varied to obtain a desired
resolution of ~ 6 µm. Dragonfly 3.1 software (Object Research Systems) was used to identify
voids and calculate their cumulative volume within the scanned volume.
To determine the compressive strength of samples, three cylindrical samples per test group
were used in accordance to ASTM C39 (ASTM 2016b). Samples were tested using an ELE
International compressive strength testing machine with 10 ksi capacity at a rate of 110
lb./sec.
2.4 Freeze-Thaw Resistance
Rapid freeze-thaw cycling was performed according to ASTM C666 Procedure A (ASTM
2008). Three prismatic specimens per test group were tested for 300 cycles. The freezing
portion of the cycle had a duration of three hours and reached a minimum of -18 °C ± 2 °C.
The thawing portion of the cycle had a duration of one hours and reached a maximum of 4 °C
± 2 °C. Freeze-thaw resistance was evaluated by measuring the fundamental transverse
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frequency and length change of specimens every 36 cycles for up to 300 cycles. Fundamental
transverse frequency was determined using forced resonance method in accordance to ASTM
C215 (ASTM 2014). The length change was also measured every 36 cycles for the duration of
testing.

3 Results and Discussion
3.1

Fresh State Properties

Table 2 provides the fresh state air content (%) and slump (in.) values that were measured at
the time of mixing for each test group. Both the slump and fresh state air content increased
with the addition of PEG-PVA. It was observed during mixing that the workability improved
and concrete was easier to finish with PEG-PVA addition, relative to unmodified concrete.
Air bubbles within PEG-PVA modified concrete in the fresh state were visually observed
(data not shown) during mixing and finishing processes. It can be concluded that the addition
of PEG-PVA entrains some air in the fresh state but less than the AEA dosage used indicating
that PEG-PVA has mild surfactant properties. The stability of entrained air in PEG-PVAmodified concrete was investigated in this research and discussed in section 3.2. It is worth
noting that the fresh state air content for PEG-PVA modified concrete is less than the 6%
recommended for extreme conditions and a nominal maximum aggregate size of 1 in. per ACI
Guide to Durable Concrete (ACI Committee 201, 2016).
Table 2. Fresh and hardened state properties of each test group.

Test Group
Control
PEG-PVA
AEA

3.2

Slump
(in.)
0.375
1.625
0.625

Fresh State Air
Content (%)
2.1
4.2
7.0

Hardened State
Air Content (%)
2.7
2.3
4.0

Compressive
Strength (psi)
5,229
5,086
4,902

Unit Weight
(pcf)
146.13
145.98
145.50

Hardened State Properties

Table 2 presents hardened state properties of samples tested in this research. The air content
of PEG-PVA-modified samples decreased from 4.2% in the fresh state to 2.3% in the
hardened state which indicated that not all air voids generated by the addition PEG-PVA were
stable. The reduction further indicates that the polymer only has a mild surfactant effect. In a
similar fashion the samples containing air entraining agent saw a reduction in air content of
7.0% in the fresh state to 4.0% in the hardened state.
Compressive strength was tested for three 4”x8” cylinders per test group after 28 days of
curing. The addition of PEG-PVA at an addition 0.066% by weight of cement was found to
slightly reduce the average compressive strength by 2.73% compared to unmodified concrete.
The addition of AEA at 15mL per 100 kg of cement was found to reduce average compressive
strength by 6.25% compared to unmodified concrete. Unit weight at hardened state was found
to not be impacted by the addition of PEG-PVA or air entraining agent with reductions of
0.10% and 0.43% compared to the unmodified samples respectively.
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3.3

Freeze-Thaw Resistance

3.3.1 Relative dynamic modulus of elasticity
Three specimens per test group went through freeze and thaw cycles (P1, P2, and P3) while
one stayed at room temperature (P4) for the duration of testing. Figures 1 shows the relative
dynamic modulus of elasticity (Pc) with respect to the increasing number of cycles. Also
shown is a constant horizontal line at 60% Pc which signifies failure as specified by ASTM
C666. Figure 1a shows that the value of Pc for the unmodified specimens started to
significantly decrease after around 75 cycles until failure at 125 cycles indicated by a
reduction below 60%. As expected, the Pc for sample P4 maintained 80-90% of the initial
measurement indicating that the performance of sample P4 has not changed. Figure 1b and 1c
show that the behaviour of PEG-PVA and AEA modified both maintain a Pc above 80% for
samples exposed to freeze-thaw cycling (P1-P3) and above 90% for the sample exposed to
ambient conditions (P4). These results indicate excellent freeze-thaw resistance for both PEGPVA and AEA. The fluctuations observed between each data point is likely due to variation in
moisture content of each sample.
3.3.2 Durability factor
Figure 2a shows the average durability factor for each test group. Durability factor is a
measure that indicates the performance of concrete exposed to freeze-thaw conditions. It is a
function of the relative dynamic modulus of elasticity and the number of cycles at which
freeze-thaw cycles are terminated as specified in ASTM C666. The average durability factors
were 19.1%, 88.6%, and 86.2% for unmodified concrete, 0.066% PEG-PVA, and AEA test
groups respectively. The durability factor of unmodified concrete indicates poor performance,
which was visually apparent by the loss of paste and aggregate and general loss of structural

Figure 1. The relative dynamic modulus of elasticity (Pc) for each test group studied up to 300 freeze-thaw
cycles. For each test group, samples P1-P3 were exposed to cyclic freeze-thaw temperature while P4 was kept at
ambient temperature for the duration of testing. (a) 0% PEG-PVA/cement ratio addition (Control). (b) 0.066%
PEG-PVA/cement ratio addition (PEG-PVA). (c) Air entraining agent addition (AEA). The line at Pc equal to
60% represents failure.
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integrity of specimens with each subsequent set of cycles. On the other hand, durability factor
values for 0.066% PEG-PVA and AEA modified concrete indicate excellent performance,
which was also visually observed.
3.3.3 Length change
Measurement of length change during freeze-thaw cycling is described in ASTM C666 as an
optional measurement to indicate performance. A length change of 0.1% maybe used as a
trigger to stop freeze-thaw cycles and terminate testing. The greater the length change in
concrete the more degradation it has experienced and the lower the performance. Figure 2b
shows the change in length with increasing number of cycles. The figure indicates that
unmodified samples experienced large expansion at the time of failure. 0.066% PEG-PVA
and AEA modified samples experienced significantly less length change, less than 0.1%.
According to ASTM C666 the unmodified concrete samples have failed while modified
samples have passed.

Figure 2. (a) Average durability factor for each test group. Error bars indicate standard deviation for n=3. (b)
Average length change for each test group up to 300 freeze-thaw cycles. Average for n=3 samples per test group.

4 Conclusions
PEG-PVA was found to be as effective as a commercially available AEA at mitigating freezethaw damage while entraining minimal air. The addition of PEG-PVA was found to increase
fresh state air content and slump compared to unmodified concrete. Although the fresh state
air content increased with the addition of PEG-PVA, micro X-ray computed tomography has
shown that hardened state air content was less than that of unmodified concrete, 2.3% for
PEG-PVA addition. We can conclude that air entrained in the fresh state due to PEG-PVA
addition is not stable and the air voids collapse during concrete consolidation and hardening.
PEG-PVA-modified and AEA samples were proven to improve freeze and thaw resistance as
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indicated by relative dynamic modulus (greater than 80%), durability factor (greater than
85%), and length change (less than 0.1%). Addition of PEG-PVA at a concentration of
0.066% was found to have no influence on compressive strength compared to AEA which
experienced a 6.25% reduction.
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Abstract. In recent years, many projects have been carried out to enhance the durability of concrete
structure from the influence of cracks. Generally, managing cracks should be a rather preventative
method for sustainable development. Based on that, Bacillus subtilis natto - a local bacterium in Japan
was found to have the ability to form CaCO3, which can be used as healing materials for cracks in the
concrete structure. The bacterial biomineralization immobilized in lightweight aggregate was studied
to improve the compressive strength by healing the cracks and densifying the structure. Moreover, as
an essential parameter for durability enhancement, the water permeability of self-healing concrete
through a water-flow system was carried out. Experimental results on the behavior of the materials
indicate that Bacillus subtilis natto could lead the compressive strength to 40 % higher than the controls.
Promising result in preventing the water through the cracks confirmed the self-healing effect with more
potential in larger-scale.
Keywords: Self-Healing Concrete, Calcium Carbonate, Crack, Bacteria, Bacillus Subtilis Natto.

1 Introduction
Although concrete is probably the most commonly used construction material, cracking in
concrete structure has been experienced by both the research community and the industrial
engineers. Cracking can lead to many problems, such as water leakage and reinforcement
corrosion. For many years, although various repairing methods have been developed with
deliberate external intervention, it is difficult in the case of the micro-cracks or cracks
embedded deep in concrete structures. Therefore, an automated method to repair cracks is
necessary for sustainable concrete infrastructure. Hence, bacteria-based self-healing concrete
can be a promising solution to extend the service life and durability of concrete structures.
According to previous studies, limited strains of bacteria can be used for self-healing concrete,
such as Bacillus cohnii (Jonkers, 2007), Bacillus pasteurii (Ramachandran et al., 2001),
Bacillus pseudofirmus (Jonkers and Schlangen, 2008), Bacillus subtilis (Matsushita et al., 2010;
Huynh et al., 2017).
In this study, Bacillus subtilis natto - Japanese microorganism was selected and applied with
a suitable proportion of nutrients to form CaCO3 and prevent adverse effects on concrete
durability. Based on the urea hydrolysis, bacteria become negatively charged, leading to the
rapid attraction of surrounding calcium ions for the biomineralization. Also, bacteria can
degrade organic compounds included lactose, as a carbon source for growth and activation.
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These processes controlled the adverse effects of nutrients on the properties of fresh and
hardened concrete. Moreover, the cement matrix and concrete structure can be enhanced by the
densifying process with the generation of CaCO3 and bacterial bioproducts, associated with the
high mechanical resistance and high ability of water permeability. Besides, Bacillus subtilis
natto does not cause disease (Brenner and Miller, 2014), and almost safe to work within the
laboratory. Moreover, Bacillus subtilis natto would be an economical solution because of the
low cost of bacteria spores, compared to the other microorganisms. We aimed to evaluate the
strength improvement as well as the self-healing ability of concrete specimens with the bacteria
immobilized in lightweight aggregate as a mixture component. This technique was expected to
improve the self-healing capacity and extend the life span of bacteria. In addition, the water
permeability of self-healing concrete was also investigated by a water-flow testing system.

2 Materials and Experiments
2.1 Compressive Strength Improvement Using Bacterial Lightweight Aggregate
Table 1. Mixture proportion and materials properties for 1 m3 of concrete.
Group

W/C

Water
(kg)

Cement
(kg)

Sand
(kg)

LWA
(kg)

Bacteria
(kg)

Natto

0.4

147

370

953

618

0.163

Controls

0.4

147

370

953

618

-

Flow

Upper:no falling motion

(mm)

100.8x97.9
119.2x110.8
104.5x102.9
153.4x144.0

Air content
T (oC)
(%)
11

22.3

3.9

19.3

Particle size distribution of lightweight aggregate
Particle Size (mm)

20

15

10

5

Percent passing (%)

100

99

47

8

Figure 1. Flow chart for the preparation of lightweight aggregate immobilized bacteria and
the continuous strength recovery test.

Table 1 shows the mixture proportion for concrete specimens (Φ = 50 mm, H = 100 mm).
The lightweight aggregate (ρ = 1.68 g/cm3, water absorption = 29.5 %,) immoblized bacteria
was prepared as following steps: (i) mixed and stirred the bacterial solution (murea = 0.45
%mcement, mbacteria ≤ 0.5 %mcement, mCaCl2 = 0.45%mcement); (ii) immersed the LWA in solution
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for 24 hours; (iii) dried the LWA at 40 oC for 24 hours. Based on the bacterial concentration in
the mixture for 1 m3 of concrete (1.1x1012 CFU/m3), the bacterial concentration for each
specimen was calculated and estimated to 3x107 CFU. Also, the dosage of urea and CaCl2 was
controlled with a safety limit according to ACI 318 for maximum chloride ion content in
concrete to prevent the corrosion of reinforcement. For the group “Controls”, the lightweight
aggregate without bacteria was used as the reference. Figure 1 describes the flow chart of the
continuous compressive strength improvement test. The load was defined based on the 7-day
compressive strength of the “trial-specimen” with the mixture as the controlled. We used the
value of 90 % of this value (FDamage = 11 N/mm2, loading rate = 1.17 kN/s) to create the crack
for all of the specimens. The self-healing effect was expected to occur over curing time. The
compressive strength was measured after each curing period of 7 days, 14 days, 28 days, and
60 days to compare with the controls for healing capacity calculation. The recovery of the
compressive strength of concrete specimens can translate into the self-healing efficiency, and
then gives information about the relation between self-healing capacity and curing time.
2.2 Water Permeability of Concrete Using Bacterial Lightweight Aggregate

Figure 2. Flow chart for the water-flow test.

In both the cases of using capsule/microcapsule or vascular-based systems, capillary flow
through discrete cracks is the primary mechanism (Gardner et al., 2017) for healing agents
transporting in cement/mortar to damaged position and create the self-healing effect. Besides,
the interaction between the healing fluid, in this case, is CaCO3, and the matrix is rough and
more complex than the fluid mechanical theoretical behavior. Therefore, as the description in
Figure 2, the test system for evaluating the self-healing effect on water permeability was
investigated. The 14-day concrete specimens (mixture as Table 1) were cut into slices (Φ = 50
mm, T = 30 mm) and then cracked under the splitting test. The crack width was measured by
using an optical microscope. In the testing system, a continuous water flow with the water head
of 30 mm was applied in 15 minutes. The water flow was measured after 7, 14, and 21 days of
curing. The Hagen-Poiseuille’s law was also used to compare and analyze the change of water
flow and crack width under the healing effect. Based on the Hagen-Poiseuille’s law, we
calculated the water flow after 7 days and 28 days with the crack width by microscope
observation. Then, we made the ratio of these values to the initial water flow (QT). With the
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same method, we made the ratio of measurement value (QM). A comparison between the
theoretical value and measured value in the experiment was expected to show the structural
changes within the cracks, including crack width and crack depth. Also, one group of 1 mmcrack concrete slice was prepared to clarify the mechanism of the effect of biomineralization
on the crack healing and reinforcing ability. These specimens were injected by commercial
CaCO3 paste (CaCO3 powder and water) and then measured the water flow. The difference
between the bonding of concrete substrates and minerals provided from outside and forming in
the cracks can demonstrate the bacterial self-healing ability.

3 Results and Discussion
3.1 Compressive Strength Improvement Using Bacterial Lightweight Aggregate

(a)

(b)

Figure 3. Compressive strength of concrete specimens in the continuous strength recovery test (a), and
SEM/EDS result of precipitated CaCO3 inside the crack (b).

Figure 3(a) shows that the longer the curing time, the higher the compressive strength. Also,
the compressive strength of the group “Natto” was significantly higher than the “Controls” at
every period. This difference could be caused by the self-healing effect with the capacity of
over 40 % just after 7 days curing before the cracking day. This result is higher than the previous
study in 2017 (20 %) when using Bacillus subtilis JC3 (Rao et al., 2017) directly with a
concentration of 105 CFU/ml as mixing water; and the study in 2015 (Sarkar et al., 2015) using
Bacillus subtilis with tryptone (16.6 %). Therefore, the immobilization of bacteria and nutrients
in lightweight aggregate could not only prevent the disruption of concrete with the presence of
organic matter but also fill the cracks and densify the pore structure. Besides, with this
technique, the higher initial concentration of bacteria can be used for a longer duration and
higher healing capacity. Moreover, from the 14-day curing period, the gap of compressive
strength between the group “Natto” and “Controls” became higher. This result was relevant in
the self-healing process with the increasing of CaCO3 over time.
As expected, Figure 3(b) shows a massive amount of CaCO3 formed inside the cracks by the
biomineralization of Bacillus subtilis natto after 28 days. According to SEM observation, the
shape of CaCO3 crystals was similar to the finding of the study using Sporosarcina pasteurrii
bacteria (Ameri et al., 2019). These rod-shaped crystals could be a reinforced component in
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cracks, similar to the strength improvement mechanism of cementitious composite through
whisker CaCO3 (Cao et al., 2019). Also, the forming of CaCO3 in the pores of concrete structure
could densify the matrix contributes to the high compressive strength.
3.2 Water Permeability of Concrete Using Bacterial Lightweight Aggregate
Figure 4 shows the decrease of water flow with a decrease of crack width after three
measurements. Under microscopic observation, the crack width range became smaller and
smaller since the first test (Figure 4(a)). In contrast, the controlled specimens show a nearly
constant result of water flow (Figure 4(b)) and a slightly reduced crack width. Note that the
0.10 mm or smaller cracks in the controlled specimens can be regarded as smooth and can be
closed by the natural self-healing process by late hydration and the reaction of Ca(OH)2 with
CO2. These results can be observed in both cases of test specimens with high correspond
between QT and QM. For the large-sized cracks, it can be seen the increase of crack closing by
the decrease of water flow over curing time by the biomineralization (Figure 5(a)). In contrast,
the controls show the higher value of QM than QT after 28 days as a result of the opening inside
the cracks with damage by water flow (Figure 5(b)). Also, the significant reduction of measured
water flow in the case of bacterial specimens (Figure 5(c)) indicated that the cracks were healed
from the internal subsurface. This result was confirmed by the optical microscopic analysis of
the crack depth (Figure 5(d)).

(a)

(b)

Figure 4. Water flow-crack width relationship after curing time of bacterial specimens (a), and the controls (b).

It can be seen that although water could pass through the specimen, the microscopic images
(Figure 6(a)) show that surface crack over 1.5 mm could be healed almost 100 % after 21 days
of curing. Note that in the case of controlled specimens, cracks could only be healed within the
maximum width of 0.1 mm by the late hydration effect. This result demonstrates that not only
the internal subsurface but also the surface cracks could be healed with a high capacity over
curing time.
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(a)

(b)

(c)

(d)

Figure 5. The relationship between the water flow by Hagen Hagen–Poiseuille’s law (QT) and the measured
water flow (QM) in the case of bacterial specimens (a), and the controls (b). The change of water flow-crack
width over time (c) and the depth of healing crack by optical microscopic analysis (d).

(a)

(b)

Figure 6. Crack width reduction over curing time in the case of bacterial specimens (a), and the controls (b).

Focus on the 1 mm-crack case; it can be seen the mechanism of CaCO3 forming inside the
crack by the activation of bacteria. The result of injected-CaCO3 into the crack shows the
significant low effectiveness on prevention water from passing to the upper face of the concrete
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slice. This consequence is closely related to the bond between the concrete substrate and the
CaCO3 inserted into the crack. Harden concrete after setting period apparently cannot connect
paste of CaCO3 by chemical reaction. In this case, only physical force as friction played the
role of glue the two surfaces. This temporary cohesiveness decease with the removing of water
in the paste. Hence, after natural drying, concrete substrate and injected-CaCO3 separated
almost, and immediately be washed away from the crack. Note that a small part of CaCO3 could
be adhesive, particularly on the rough surface of the concrete crack. Although this phenomenon
occurred nearly in the volume of 40 % of the total crack volume, a considerable amount of
water was interrupted from continuously flowing (Figure 7(b)). This result indicates that large
amounts of CaCO3, especially rod-like crystals, as well as strong bonding to the concrete
surface, can be an effective healing agent for waterproofing targets. Overall, therefore, the
reducing of water flow over curing time in the case of using bacteria could be demonstrated
clearly. The continuous water flows with 20 mm in height helped to remove the dust, sand, or
broken piece of the concrete specimen from the crack position. Also, water pressure was enough
to break down any weak bonding between concrete broken surfaces, and organic or inorganic
matter potentially appeared. Rod-like CaCO3 crystals precipitated layer by layer under the
biomineralization of Bacillus subtilis natto may not only fill out the crack but also reinforce the
damaged structure.

(a)

(b)

Figure 7. The camera photos of injected-CaCO3 specimens surface before and after the water flow test (a).
The relation between the water flow of injected-CaCO3 specimen and the estimating volume ratio (b).

4 Conclusion
Experimental results in this study indicate the following concluding remarks:
- Compressive strength after cracking could be improved in the case of using
lightweight aggregate immobilized bacteria in the mixture. The healing capacity
increased over curing time with the increasing of compressive strength.
- The massive amount of self-healing products could be observed by using SEM/EDS,
and optical microscopic images played an essential role in closing the cracks and
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-

densifying the concrete structure.
The water permeability of specimens using lightweight aggregate immobilized
bacteria was significant lower than the controls. Healing capacity increased with the
decrease of water flow through cracks over curing time.
Surface cracks around 1.5 mm could be healed after 21 days, while the internal cracks
were closed little by little over curing time.
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Abstract. Anaerobic digestion is a renewable energy production process based on the
fermentation of biodegradable biomass. The industrial digesters are usually made of
cementitious materials. However, the microbial production of several aggressive compounds
(CO2, NH4+ and volatile fatty acids) during the digestion leads to the deterioration of the
concrete structure. The growth of microbial biofilm on the surface of concrete is suspected to
generate an even more severe biodeterioration. The goal of this study is to provide a better
understanding of the biofilm involvement in the biodeterioration of cementitious materials
during an anaerobic digestion process. More precisely, this study is focused on the biofilm
heterogeneity and its development on cementitious materials in anaerobic digestion. Lab scale
anaerobic bioreactors mimicking industrial anaerobic digestion medium were carried out to
immerge CEM I cement pastes in this medium during 2, 3, 4 and 5 weeks. The deterioration of
cement pastes was evaluated by using a scanning electron microscope to determine the
deteriorated thickness and to quantify the volatile fatty acids in the medium. Biofilm attached
on the surface of cement pastes was analyzed through molecular biology techniques, such as
16s rRNA gene sequencing analysis and qPCR.To assess the biofilm heterogeneity, successive
stalls of the layers of the biofilm were realized using physical biofilm removal techniques. Three
microbial fractions are defined: the planktonic microorganisms, the lousy attached and the
strongly attached ones. Results showed that the methanogenic Archaea are found mainly in the
medium while around half of the microbial population strongly attached is made of acidogenic
bacteria. These results suggest that the biofilm could increase the biodétérioration of concrete
since the fatty acids are massively produced at the proximity of the surface of the cementitious
samples.
Keywords: Biodeterioration, Cementitious Material, Biofouling, Biofilm, Bacteria, Anaerobic
Digestion.
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1 Introduction

Anaerobic digestion is a renewable energy production process based on the fermentation of
biomass. It consists in the succession of four microbial reactions: hydrolysis, acidogenesis,
acetogenesis and methanogenesis, leading to the transformation of the biomass into two
valuable interest products: the biogas and the digestate. The biogas is mainly constituted of CH4
and CO2 at a concentration of about 40-75% of CH4. The digestate can be used as a fertilizer
for agronomic purposes (Bharathiraja et al., 2018).
In the current period of energy transition towards non fossil renewable energies, the
anaerobic digestion process shows a growing interest (Salvador et al., 2019), especially on
aspects of improving production performance and enriching CH4 level. In this respect, the focus
is on tracks that could increase its durability and thus its performance. One of those tracks could
be the durability of the anaerobic digestion tanks (digesters) since it is linked to their lifetime
and costs of maintenance. Industrials anaerobic digestion tanks are usually made out of concrete
as it is a low cost material, easy to use and adapted to several m3 tanks. However, anaerobic
digestion media is known for being aggressive towards the cementitious materials. The
microbial metabolism produces aggressive compounds (CO2, NH4, volatile fatty acids), which
deteriorate the cementitious matrix. In addition, the formation of microbial biofilms on the
concrete surface is highly suspected to increase the kinetics of this deterioration (Voegel et al.,
2015, 2016). Microbial biofilms can be described as an aggregation of microorganisms on solid
surfaces embedded in a self-produced extracellular matrix; called EPS (extracellular polymeric
substances). This microbial organization in biofilms allows the formation of microenvironments locally within the biofilm, as a result of the heterogenic repartition of the different
microbial communities, their metabolisms and the diffusion properties of biofilm. Even though
the deterioration mechanisms behind the biofilm fouling effects on concrete are not yet clearly
identified, there is a strong hypothesis that it is linked to the existence of hyper-aggressive
conditions locally on the concrete surface, i.e. at the scale of micro-environments located at the
interface between the microbial biofilm and the external surface of the concrete (Bertron, 2014;
Magniont et al., 2011).
The present work aims at giving more insights in the biofilm implication in the
biodeterioration process of concrete in the specific context of anaerobic digestion tanks. More
precisely, this study is focused on the visualization and kinetics monitoring of the development
of anaerobic digestion biofilms on cementitious materials, and the exploration of bacterial
population heterogeneity in the different biofilm layers.

2 Material and Methods
2.1 Cement Paste Pellets Fabrication
Ordinary CEM I cement pastes were made with a water/cement mass ratio of 0.30. Cylindrical
moulds of 2.8 cm of diameter and 6.5 cm height were used. A plastic straw was inserted inside
the cement paste at the cylinder central axis, in order to leave an empty space necessary to
suspend the paste in the medium during the biodeterioration assays. The cement pastes were
then cured for 28 days at 20°C inside their closed moulds. After curing, cement paste pellets
with a thickness of about 2.5 mm were obtained by cutting under water the cylindrical cement
paste with a circular saw (Prezi, Mecatom 180). The pellets were then polished with a silicon
carbide polishing wheel (ESCIL, P800-22 µm).
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2.2 Microbial Inoculum and Anaerobic Digestion Culture Medium
Both microbial inoculum and culture medium were chosen to mimic industrial anaerobic
digestion, according to the protocol and methods already described by (Voegel et al., 2016).
The medium was a synthetic biowaste made up of different organic fractions which have been
blended for 5 min at 20°C (Table 1). The inoculum used was an activated sludge sampled from
a municipal wastewater treatment plant in Toulouse (France). The volumic ratio microbial
inoculum/medium was 2.5/1.
Table 1. Composition of the synthetic biowaste.
Organic fractions

Mass (%)

potatoes
tomatoes
Minced meat
Milk powder
Crackers

8.1
3.4
8.1
0.7
4.1

Water

75.6

2.3 Anaerobic Biodeterioration Assays
The protocol of the cement paste immersion in the culture medium is made to mimic the
operating conditions of anaerobic digestion (Voegel et al., 2016). The immersion of the cements
pastes pellets were tested in two types of reactors: type A and type B reactors containing
respectively eight pellets and one single pellet of cement paste (Figure 1). Type A and type B
reactors contained 525 and 66 mL respectively. Therefore, the ratio of the surface of solid
cement paste and the volume of the liquid phase was 220 cm2.L-1 in the two types of reactor.
These reactors were carried out in the same conditions, at 37°C during 5 weeks for the type A
Gaz
collector
Synthetic
bio-waste
Cement
paste pellet

Type A

Magnetic
stirrer

Type B

Figure 1. Experimental designs of the anaerobic digestion cultures.

reactor and 2, 3, 4 and 5 weeks for the type B reactor (triplicates for each duration tested). The
gas phase (biogas) was collected continuously in the type A reactor and every day in the type
B reactor with a collection bag connected to a needle.
2.4 Chemical Analysis
Samples of the medium were taken at the end of each culture and then filtered at 0.2 µm.
Ammonium ions concentration was measured using Hach kit LCK 304, following manufacturer
instructions. Dissolved organic carbon was determined with a TOC analyzer (TOCSHIMADZU Combustion). Acetic, butyric and propionic acids concentrations were measured
through high performance liquid chromatography (Thermo Scientific, Accela system, column
Rezex ROA H+ 8%, eluent H2SO4 10 mM, flow rate 170 µL.min-1).
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2.5 Microbial Populations Analysis
Concerning the biofilm sampling on the surface of cement paste pellets, two types of biofilm
layers were defined: the “lousy attached” biomass and the “strongly attached” biomass. The
“lousy attached” biomass was removed from a biocolonized cement paste pellet through an
immersion of the pellet in 3 mL of phosphate buffered saline (PBS, 0.1M, pH 7.4) for 15
minutes. The “strongly attached” biomass was removed from a biocolonized cement paste pellet
with a sonication treatment of 3 minutes in 5 mL of PBS. Removing treatments were not done
successively, thus the “strongly attached” biomass should also contain the “lousy attached” one.
2 mL of the culture medium were as well sampled in triplicate. The samples of biocolonized
cement paste originated from a type A reactor after 5 weeks of culture. Each removal protocol
has been performed in triplicate, i.e. starting from three different biocolonized cement pellets.
DNA extraction was performed on the three types of samples (liquid, strongly “attached and
lousy attached” biomass) obtained using a DNeasy power biofilm kit, according to
manufacturer instructions. Sequencing of the 16S SSU RNA was done using 515F and 806R
primers targeting both bacteria and Archaea. The sequencing and its statistical analysis were
performed by RTlab (USA).
2.6 Physical Analysis
Cement paste pellets from the type A reactor were taken out after 2, 3, 4 and 5 weeks. A cut of
the cement paste pellets was realized with a circular saw, in order to divide the cylindrical
sample into two identical parts. A part of the pellet was then impregnated under vacuum with
epoxy resin (Araldite, 2020) in circular molds (diameter = 2.6 cm). After hardening of the epoxy
resin, the surface was polished under water using several polishing disks having decreasing
particle sizes of 200, 68, 27 and 15 µm. A thinner polishing was then done using several
diamond-covered polishing disks with a decreasing particle sizes (6, 3 and 1 µm). Samples were
carbon coated before observation under a scanning electron microscope (Hitachi S-4300 SE/N)
coupled with a EDX detector (Thermo Scientific Ultradry) running at 15 kV.
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3 Results and Discussion
3.1 Deterioration Profile of the Cement Paste
The evolution of the concentrations of volatile fatty acids (VFAs), ammonium ions and
inorganic carbon from 2 to 5 weeks of anaerobic digestion process are shown on (Figure 2).
Inorganic carbon
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Figure 2. Evolution of concentrations of the aggressive metabolic compounds for a period of 5 weeks of anaerobic
digestion process.

After two weeks of anaerobic digestion, the concentration of acetic and butyric acids were of
4.7 g.L-1 and 2.2 g.L-1 respectively. Their concentrations strongly decreased between week 2
and week 3 to finally stabilize around 0 g/L at end of the fourth week of anaerobic digestion.
The propionic acid concentration evolved differently, since it was still increasing constantly
from 1.5 to 3.0 g.L-1 in the period of time between the 2nd and the 5th week (Voegel et al., 2016).
After 2 weeks, both acetic and butyric acids were consumed. This result corroborates those of
Voegel et al. (2016), who showed that volatile fatty acids are accumulated during the first two
weeks of the anaerobic digestion of biowaste, and finally consumed in the following weeks.
More curiously, the propionic acid concentration did not drop in the weeks following the 2nd
week, suggesting that this VFA has not been reused or metabolized by acetogenic microbial
populations or that its production rate was seriously higher than the consumption rate. The
dissolved carbon dioxide production increased from 0.8 g.L-1, measured at the end of the week
2, to 2.5 g.L-1 after 5 weeks. The concentration of ammonium has remained very stable, around
0.7 g.L-1, from week 2 to week 5. Since ammonium ions are byproducts of amino acid
fermentation (Ramsay and Pullammanappallil, 2001), it should be produced only during the
acidogenesis stage occurring mainly during the first two weeks. In this way, we can make the
hypothesis that the aggressive nature of the anaerobic digestion environment was at its
maximum during the first two weeks of the experiment, since the concentration of aggressive
compounds should be at its peak during this period.
Figure 3 allows the localization of the biodeteriorated zones in the depth of a cement paste
sample exposed for 5 weeks in an anaerobic digestion medium.
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Figure 3. Repartition of the deteriorated zones within the depth of a cement paste (a) and the deterioration
profile of a cement paste immerged for 5 weeks in an anaerobic digestion medium (b).

Four zones can be identified (Figure 3): a first layer darker than the others, of about 100 µm.
A second zone, about 20-30 µm, can be identified around the crack. The third zone has a
variable thickness among the different duration tested from 150 to 400 µm. A fourth zone darker
than the third one is also observed, its thickness also changes from a duration to another from
150 to 430 µm, and finally at the heart of the cement paste there is a last zone corresponding to
the sound paste. Figure 3(b) shows the evolution of the relative proportion of calcium (Ca),
silicium (Si) and aluminum (Al) from the outer surface to 800 µm in the depth of biodeteriorated
cement paste sample. The composition in Ca, Si and Al completely changes from a zone to
another. All of those zones were found in every duration of exposition tested with the same
global composition in each zone. The zone 1, the closest to the cement surface, had a low Ca
proportion, around 10 %, a high Si proportion, around 30 %, and a high proportion of Al, about
7 %, in regard to the other zones. The zone 2 had a particularly specific composition: the Ca
proportion was significantly higher than in any other zone, up to 70-76 % in both the samples
immerged 3 and 4 weeks (data not shown), and a lower proportion of Al and Si around 1 and 5
% respectively. The presence of Phosphor was also observed in the first two zones (data not
shown). In the three other zones (zones 2, 4 and 5), only a very small divergence in composition
was detected: between 20 and 30 % of Ca, around 10 % in average of Si and 1.5 to 2 % of Al.
Those results are representative of a Ca leaching and a P enrichment in the layers close to the
surface. However, chemical element proportion analysis can not precisely show every change
in mineral composition, as proportion could remain the same while the quantity could change.
Analysis with other techniques, such as X-Ray Diffraction, could give more information,
particularly on the residual anhydrous grains. Those results are in accordance with the
observations already reported by (Voegel et al., 2016), who studied also cement paste
biodeterioration after exposition to digested biowastes. These authors identified Ca leaching as
part of the biodeterioration mechanisms.
Table 2 shows the evolution of the thickness of the total biodeteriorated zone for increasing
time of cement paste exposition to anaerobic digestion environment. The thickness of the total
biodeteriorated zone was determined by the Ca cartography obtained by SEM.
Table 2. Evolution thickness of the total biodeteriorated zone
with the exposition time in anaerobic digestion medium.
Exposition time (weeks)
Thickness of the total biodeteriorated zone (µm)
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The thickness of the total biodeteriorated zone increases from 2 weeks to 5 weeks of
exposition time, from respectively 554 µm to 619 µm. The same kind of observations on cement
pastes exposed for longer period, 10 and 15 weeks, should in the future make it possible to
confirm this pattern.
3.2 Microbial Populations of the Biofilm
Figure 4 shows the repartition of the different bacterial phyla within the liquid fraction and in
the “lousy attached” biomass and the “strongly attached” biomass collected on the surface of a
cement paste after 5 weeks in type B reactor. Planktonic and sessile (attached) bacterial
populations were different. Indeed, the proportion of Archaea was fairly higher in the liquid
fraction, i.e. 22.0 % against 3.4 % in the attached biomass.
100%
Others

80%

Proteobacteria

60%

Firmicutes

40%

Bacteroidetes

20%
0%

Actinobacteria
Planktonic biomass

lousy attached
biomass

Strongly attached
biomass

Euryarchaeota

Figure 4. Relative repartition of the bacterial population in the planktonic biomass and in the cement paste
attached biomass of a 5 weeks aged anaerobic digestion culture.

Among the Archaea highlighted in the liquid fraction, 17.7% belonged to the
methanosarcina genus, which are anaerobic methanogens found in a multitude of environments
and capable of producing methane by the three metabolic modes of methanogenesis
(hydrogenotrophs, acetotrophs, methylotrophs) (De Vrieze et al., 2012). The biofilm developed
on the surface of the cement paste, and more specifically the “strongly attached” biomass, was
rich in Firmicutes. Around 50% of the DNA sequences from the “strongly attached” biomass
belonged to acidogenic populations. Among them, Clostridium butyricum (5.4%), is known to
specifically produce butyric acid and Megasphaera eldesnii (29.5%), is described as able to
produce acetic, propionic and butyric acids (Marounek et al., 1989). Those results suggest that
the acidogenesis step of the anaerobic digestion may mainly occur in the biofilm, while the
methanogenesis step would take place in the liquid fraction. Beyond these considerations based
essentially on the physical organization of communities (biofilms vs. suspended/planktonic
populations), would not there be a major effect of pH behind this whole phenomenon? If the
pH at the surface is too alkaline for bacteria to easily grow on it, perhaps only acidogens are
able to lower the pH through the acids they produce to allow a biocolonization of the surface
of material.
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4 Conclusion

The SEM analysis of the cement pastes exposed from 2 to 5 weeks to an anaerobic digestion
medium showed a biodeterioration of the cement paste characterized by a depth up to 700 µm
with calcium leaching and phosphor enrichment in the first 100 µm. Bacteria present in the
biofilm colonizing the cement paste are mainly acidogens, which may confirm the hypothesis
that the microbial fouling of the cement paste is caused by the local production of aggressive
compounds, such as organic acids acting on reducting the surface pH of cementitious materials.
The use of fluorescent dyes could help measure the pH both in the biofilm and on the surface
of the cement paste through fluorescence microscopy observation techniques.
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Abstract. Material degradation of our civil infrastructure is inevitable, and regular maintenance is
required to mitigate against failure during the service-life. However, understanding and knowledge of
composites is now leading to the creation of concretes with autonomic self-healing capabilities. This
development will transform our infrastructure by embedding self-immunity and resilience so that
structures evolve over their lifespan enhancing durability and serviceability, improving safety and
reducing maintenance costs. Research in the UK under the auspices of Resilient Materials for Life
(RM4L) has developed a suite of multiple-scale biomimetic self-healing concretes that can adapt and
respond to damage without external intervention. This paper discusses the development of bacteria to
precipitate calcite in cracks in concrete. Whilst bacteria-based healing is possible through several
pathways, it is only now that a better understanding is permitting the optimization of the process. There
are two key technologies for including bacteria healing in concrete: (i) encapsulation and (ii) vascular
flow networks. Vascular flow networks permit continuous unlimited delivery of healing agents to
internal areas of damage, facilitating repair on a reoccurring basis. However, in order to use them
effectively human intervention is required to identify cracking and trigger healing processes. A more
biomimetic approach is to provide the concrete with a form of self-sensing capability to enable it to
initiate crack healing itself. Research using PZT sensors to detect cracking is described.
Keywords: Bacteria, Self-Healing, Self-Sensing, Flow Networks, PZT, Electromechanical Impedance.

1 Introduction
Concrete remains the principal construction material used in buildings and infrastructure
worldwide. However, it is susceptible to degradation which, given current design guidance, is
nearly always inevitable over its lifetime. This means that intervention and mitigation, in the
form of maintenance and repair, is necessary to retain and recover high levels of performance
and durability. However, in recent years a range of ‘smart’ concretes has been developed,
including those with autogenous and autonomic self-healing and self-repairing capabilities.
Consequently, it is now possible to embed self-immunity and resilience in our concrete
buildings and structures such that they evolve over their lifespan. This has significant
implications for enhancing durability and serviceability, improving safety and reducing
maintenance costs.
Research to develop a biomimetic approach to the repair of concrete is being undertaken in
the United Kingdom as part of the £5M multi-disciplinary research project, Resilient Materials
for Life (RM4L), a collaboration between Cardiff University, and the Universities of Bath,
Bradford and Cambridge (Al-Tabbaa et al., 2018). RM4L has a broad remit to focus on tailoring
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self-healing cementitious systems for use in specific applications and to address different
damage scenarios and conditions. Furthermore, important damage scenarios have been
identified, including time-related and cyclic damage as well as chemical damage, including
corrosion. In addition to self-healing attributes, RM4L is initiating novel research aimed at
embedding self-sensing, self-diagnosing, self-immunisation and self-reporting capabilities into
cementitious systems in order to develop truly biomimetic responses in our infrastructure
materials and structures.
This paper reports on current research being undertaken within RM4L by the University of
Bath in the areas of bacteria-based self-healing concrete (BBSHC) and self-sensing concrete.
We also introduce the concept of a smart biomimetic self-healing concrete formed from the
integration of three technologies: (i) bacteria-mediated calcium carbonate precipitation, (ii)
vascular flow networks (VFN) and (iii) electromechanical impedance (EMI) that could deliver
long-term maintenance and repair of concrete buildings and structures without the need for
human intervention.

2 Bacteria-Based Self-Healing
In order to achieve autonomic healing in concrete, a wide range of healing agents have been
studied over the last 20 years. These healing agents need to be compatible with the cementitious
matrix and their speed of reaction has to be appropriate to eliminate ingress of harmful
pollutants (chlorides, sulfates etc.). In general, healing agents with low viscosity and high
sorptivity have been preferred. Whilst cyanoacrylates and epoxy resins have these required
properties, they are generally incompatible with the cementitious matrix. Consequently, there
is a search for a suitable cement-like material. Research at the University of Cambridge is
having some success with sodium silicate (Giannaros et al., 2016) .
However, an alternative is to use of bacteria to aid with the precipitation of calcium carbonate
within the crack. Calcium carbonate occurs naturally in concrete as it ages, and consequently
its use as a healing compound is entirely appropriate.
Bacteria-based self-healing is achieved by embedding bacterial spores within the concrete
and providing them with the nutrients that they need to grow. Whilst the bacteria are in their
spore form, they are inactive. However, when conditions become favourable, they germinate
into active cells and these multiply. These more favourable conditions occur when a crack forms
in the concrete and water and oxygen ingress.
The presence of bacteria near a crack will aid the formation of calcium carbonate should the
local environment be rich in dissolved inorganic carbon (DIC) and Ca2+ ions (Figure 1). For
this reason, growth media containing both carbon and calcium sources are normally used
simultaneously with the spores as healing agents. In general, bacteria-based self-healing of
concrete can occur because of either ureolytic or non-ureolytic metabolism.
Research at Bath has performed a comparison between how ureolytic and non-ureolytic
environmental bacteria precipitate calcium carbonate in order to understand how these
mechanisms differ and how we can apply this knowledge to the improvement of self-healing
concrete (Reeksting et al., 2020). In this study, environmental bacteria were surveyed for their
ability to precipitate calcium carbonate and both the mechanism and resulting precipitates were
examined. It was shown that while ureolytic bacteria cause the most rapid precipitation, nonureolytic bacteria were capable of producing similar amounts of calcium carbonate. In addition,
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the crystals resulting from non-ureolytic carbonate precipitation appeared to have more organic
components and subsequently occupy larger volumes (Figure 2, left), this is likely beneficial
for crack sealing application as for the same amount of calcium a larger precipitate can be
formed. Indeed, non-ureolytic bacteria caused a more consistent crack healing and subsequent
recovery of water tightness (Figure 2, right).

Figure 1. Process of calcium carbonate precipitation in a concrete crack (adapted from Dhami et al., 2013).

To date, self-healing of cementitious composites at Bath has focused on non-ureolytic
bacteria, e.g., Bacillus pseudofirmus and Bacillus cohnii (Sharma et al., 2017). The spores of
the bacteria have been encapsulated under vacuum in a lightweight fine aggregate (e.g. perlite).
The growth media, yeast extract and a calcium salt (calcium acetate or calcium nitrate) have
been added either directly to the concrete, or encapsulated in lightweight fine aggregates,
depending on the application.

Figure 2. Crystal morphology and crack sealing in mortars containing either non-ureolytic or ureolytic
bacteria. Left, electron micrographs of representative precipitate produced by non-ureolytic (top) and ureolytic
(bottom) bacteria. Right, crack healing down the side of cement mortars at 8 weeks healing.
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It has been shown that the lightweight fine aggregates rupture on cracking releasing the
healing agents in a form that enables calcium carbonate precipitation and healing to take place
and that the concrete recovers its water tightness (Alazhari et al., 2018).
However, a concern with the use of lightweight aggregates is that they may not distribute
homogeneously throughout the matrix. Consequently, there are some concerns (although not to
date replicated in laboratory tests) that cracks may entirely miss the aggregates. For this reason,
research at Bath has also considered supplying the spores and/or the growth media in
microcapsules (Paine et al., 2019). We have shown that the encapsulation of spores by, for
example, the complex coacervation technique, creates few technical issues and that high yields
of spores can be obtained in small microcapsules (180 m). However, encapsulation of growth
media is more difficult and only low loadings could be obtained and the microcapsules were
much larger (~ 609 m). In both cases, however, it was shown that the microcapsules rupture
upon cracking of the concrete and that crack closure and recovery of water tightness occurs.
That said, whilst the encapsulation of bacteria and growth media in concrete has proven
successful there are some elements of this technique that could still be improved upon.
Firstly, the use of encapsulation means that the quantity of growth media in the concrete is
fixed, limiting the amount of bacterial growth and the volumes of calcium carbonate
precipitated. The addition of further growth media, such as yeast extract, directly into the
concrete will substantially retard the cement hydration; whilst the calcium source is likely to
carbonate and be unusable by the bacteria. The encapsulation of these growth media in
lightweight aggregates will lead to unreasonable losses in strength.
Furthermore, recent research has shown that the degree of bacteria-based calcium carbonate
precipitation in concrete is limited by the availability of oxygen (Nielsen et al., 2019). Whilst
researchers have attempted to overcome this by encapsulating calcium peroxide in the concrete
(Zhang et al., 2016). this has had limited success and creates additional complexity.
Consequently, it has been considered that there may be some benefit in providing a vascular
flow network (VFN) within the concrete that can supply oxygen and nutrients to the crack when
healing is required. Furthermore, this VFN could be used to resupply the concrete with further
spores and nutrients to permit it to self-heal again should the crack reoccur at the same place.

3 Vascular Flow Networks
VFN systems have been considered as a viable technique for providing self-healing in materials
as they more readily simulate the way flora and fauna heal themselves (White et al., 2001). A
wide range of healing agents or supplies can be pumped through a VFN to the site of damage
as and when required. The reservoir of healing agent can be readily topped up allowing for
multiple healing events and the healing agent can be varied to suit the type of damage.
However, until recently the use of VFN for concrete had created problems; primarily because
the glass used to create the channels tended to break during casting. For this reason, a novel
approach has been developed at Cardiff University (Davies et al., 2015). Here, shrinkable
polyurethane tubes are embedded in the concrete that can easily be removed after the concrete
has hardened around them. This leaves a hollow network within the concrete. When healing is
required, air can be removed from the VFN and the healing agents then added remotely and
pumped through under pressure.
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The addition of a 2-dimensional VFN to a bacteria-based self-healing concrete wall was
trialled as part of a large-scale demonstration of self-healing techniques carried out as a
forerunner to the RM4L project (Paine et al., 2018). The wall consisted of both bacteria-based
self-healing concrete and conventional concrete as shown in Figure 3. Bacteria-based selfhealing concrete was only added to the wall at the section where cracking was designed to occur
(Figure 3b). A vascular flow network consisting of 4 mm diameter channels was placed in the
zone most susceptible to cracking. The network was created using polypropylene tubes which
were removed from the concrete once it had hardened. The network channels were joined using
3D printed joints made from polylactic acid. Whilst the VFN was included to permit later
addition of further growth media, bacteria or oxygen as required it was never actually used in
this way and bacterial healing was allowed to progress without interference

Figure 3. Large-scale demonstration of a bacteria-based self-healing concrete with: (a) VFN installed prior to
casting of the concrete, (b) finished wall (dimensions in mm) (Paine et al., 2018).

However, a principal problem with a VFN is that the release of the healing agents is not
initiated by the cracking of the concrete. In general, it requires some form of monitoring system,
often just visual observation, to detect the cracking and then human intervention is required to
upload the healing agents and pressurize the system to pump the those healing agents through
the network. However, recent research at Bath has been investigating the suitability of selfsensing systems that may detect and diagnose the formation of cracks, and their repair, within
concrete. This sensing could potentially be used to trigger the healing system.

4 Triggering Healing Systems
Whilst there has been much research into the use of sensors for structural health monitoring, as
far as we are aware there has been no research where autonomic self-healing responses have
been triggered by sensors embedded within concrete. This is therefore a novel area of research.
Piezoelectric materials are popular sensors due to their ability to detect a wide range of
parameters (stress, temperature, cracks and damage) and due to their high sensitivity, stability
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and low cost. There has been significant research with lead zirconate titanate (PZT) transducers.
Of note is the use of electromechanical impedance (EMI) in which the PZT transducer works
as both an actuator and detector simultaneously. Damage in a structure can be observed from
fluctuations in the admittance/impedance signature which are caused by changes in the intrinsic
material properties such as mass, stiffness and damping.
To better understand how a sensing system could be used to trigger healing once damage
occurs and deactivate after repair, research has been carried out at Bath to understand how the
EMI response of a PZT responds in both damage and repair scenarios (Taha et al., 2019).
This research has shown that localized damage in mortar beams, can be detected by a surface
mounted PZT transducer located up to 220 mm away from where the damage has occurred. It
was further observed that as the damage level increased, and approached the PZT, that the
difference between the initial admittance signature and subsequent signatures increased, see
Figure 4(a). This behavior was quantified by the root mean square (RMSD) response shown in
Figure 4(b). On the other hand, when the damage was repaired, using a cement paste, it was
observed that the RMSD gradually decreased (Figure 5). This indicated at least a partial
recovery of properties due to the repair.

Figure 4. (a) Admittance signature for PZT before and after damage, (b) RMSD% as the damage approaches and
distances from the PZT sensor.

Figure 5. RMSD behavior 10 hours after repair as compared with the RMSD after damage.
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5

Integration of Technologies

As described above research is being undertaken at the University of Bath and partner
universities within the RM4L programme grant to develop these three technologies. Whilst
these developments are primarily taking place individually, there is a proposition that they could
be integrated to form a smart biomimetic self-healing concrete, as shown schematically in
Figure 6. Here a concrete building or structure can be cast using BBSHC around an embedded
VFN, with PZT sensors, or some other form of sensing, strategically placed within or on the
surface of the concrete. When a crack occurs the bacterial activity autonomically heals the
cracks by precipitating calcium carbonate. However, simultaneously, a sensor detects that
cracking has occurred. If it detects, after a given period, that the degree of healing is insufficient
it triggers through an interface the activation of the VFN. Consequently, oxygen and/or further
growth media are pumped through the VFN to the site of the crack from an external reservoir.
Once the sensors have identified that healing is sufficient, they stop supplying oxygen and/or
growth media. It is possible that at this point further spores and nutrients could be pumped to
the site of the crack to permit further autonomous healing and for the cycle to recommence
should a crack reappear at the same location at some further point in time.

Figure 6. Schematic showing the integration of BBSHC, VFN and sensing technologies for biomimetic
smart self-healing concrete.

6

Conclusions
-

-

BBSHC, consisting of encapsulated spores and growth media, can be used to
autonomically self-heal cracks in concrete as soon as they occur by precipitating
calcium carbonate. However, the quantities of calcium carbonate precipitated may be
limited by the availability of the growth media and oxygen.
VFN can be formed in concrete and they permit remote healing agents and supplies to
be pumped to the site of cracks to assist with bacteria-mediated calcium carbonate
precipitation.
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-

EMI has potential as a sensing technology to identify the degree of healing (quantity of
calcium carbonate precipitated) in cracks. When interfaced with appropriate software it
can be used to trigger the supply of healing agents through the VFN.
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Abstract. Factors affecting durability of concrete structures are generally associated with each other.
Due to its brittle nature, concrete can crack under stress and these cracks are one of the main reasons
for a decrease in service life in concrete structures. Therefore, it is crucial to detect and recover
microcracks, then to repair them as they were developed to wider cracks. Recent research in the field
of concrete materials suggested that it might be possible to develop a smart cement-based material that
is capable of remediate cracks by triggering biogenic calcium carbonate (CaCO3) precipitaton. This
paper summarizes a study undertaken to investigate the self-healing efficiency of Sporosarcina pasteurii
(S. pasteurii) cells immobilized on both diatomaceous earth and pumice, to remediate flexural cracks
on mortar in early ages (28 days after mixing). To obtain a two-phase bio additive, half of the minerals
were saturated with a nutrient medium consisting of urea, corn-steep liqueur(CSL) and calcium acetate
and the cells with immobilized to the other half without nutrients. Screening of the healing process was
done with ultrasonic pulse velocity (UPV) testing and stereomicroscopy. With this approach, the cracks
on mortar surface were sealed and the water absorption capacity of the so-called self-healed mortar
decreased compared to its counterpart cracked mortar samples.
Keywords: Self-Healing, Biomineralization, Diatomaceous Earth, Pumice, Mortar.

1 Introduction
Concrete is the most widely used material in the construction industry due to its high
compressive strength, durability and cost efficiency compared to the alternative building
materials. Nevertheless, early age cracks occurring in concrete can decrease the strength of the
materials and limit the service life of the concrete structures. These cracks can create pathways
for hazardous chemicals and excessive water and increasing permeability of concrete.
Conventional repair methods like, epoxy sealing or grouting are applied from the outside and
expected to penetrate into the cracks. While this approach is feasible for repairing large cracks,
penetration of the abovementioned sealants to the inner parts of small and deep cracks is very
limited. Therefore, for narrow microcracks, there is a need for an alternative repair method by
mostly means of self-healing.
Recent studies in the field showed that it might be possible to develop a bio-based selfhealing system where bacterial cells are being used to remediate cracks by triggering microbial
induced calcium carbonate precipitation (MICP) (De Muynck et al. 2010; Wang et al. 2016;
Zhang et al. 2015). MICP is a biochemical process in which microorganisms stimulate the
formation of calcium carbonate (CaCO3) (Mann 2001) . With this approach, tensile or flexural
cracks as wide as 0.7 mm was remediated and the water permeability of mortar was reduced
(Jonkers and Schlangen 2007; Wang et al. 2012c, 2014b; Wiktor and Jonkers 2011). Crack
healing through MICP requires a suitable bacterial culture and the nutrients to support
metabolic activity and create the proper environment for crack closure. The main challenge of
the application is to find a microorganism that can tolerate highly alkaline conditions of cement
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paste, can survive the mixing process, and can remain viable with limited access to nutrients
(Tiago et al. 2004) . A simple approach by means of limiting the labor work in processing is
adding the vegetative bacterial cells directly to the mix Previously, Bundur et al. (2017) showed
that vegetative S. pasteurii cells could survive in mortar up to 11 months when they were added
to the mix without any encapsulations. These remaining cells were found to be effective in
remediation of the microstructure when internal microcracks (Liu et al. 2016) and flexural
surface cracks in 7 day old samples (Amiri et al. 2018). However, limited viability and lack of
O2 decreased the performance of CaCO3 yield through all crack the depth. Instead, the
precipitation was found to be limited to the crack mouth in microscale cracks (Amiri et al.
2018). However, considering the larger surface cracks, the amount of retained viable cells may
not be able to precipitate sufficient biogenic CaCO3 to seal the cracks. Thus, it is crucial to
develop a simpler and natural protection system to improve the robustness of the bacterial cells
against the restrictive environment.
Concerns regarding the viability of the cells and limited crack healing led researchers to
propose various encapsulation methodologies, particularly for dormant state endospores. The
encapsulation methods consist of embedding the endospores in a protective covering, e.g.
inorganic lightweight porous aggregates (LWAs) (Wiktor and Jonkers 2011), polymeric
membrane (Bang et al. 2010; Wang et al. 2012a), microcapsules (Wang et al. 2014b), hydrogels
(Wang et al. 2014a) and natural minerals (Alazhari et al. 2018; Wang et al. 2012b). Amongst
all these approaches, LWAs and hydrogels have shown the most promising developments
regarding the viability. The methods were promising in terms of healing cracks at various ages
of concrete, but to-date most of the studies revealed that cracks could be healed in samples as
old as 28 days.
Instead of using synthetic encapsulation covering, a more sustainable approach could be
achieved by using natural additives or natural lightweight aggregates. Throughout the literature,
studies showed that among several alternatives such as diatomaceous earth (DE), metakaolin,
zeolites and expanded clay could be suitable for protection of the bacteria based on their effects
on compressive strength and setting, in particular DE was found to be effective in self-healing
of cracks (Erşan et al. 2015; Wang et al. 2012b). Nevertheless, considering the natural
resources, the list of these natural protective barriers could be extended. A correct choice of the
protection barrier and application methodology are of crucial for further development of selfhealing concrete. This study presents a comparative study on the possible use of a mineral
additive (DE) and a porous lightweight aggregate (pumice) as a protective barrier for bacterial
cells.

2

Materials and Methods

2.1 Microorganism Selection and Growth
Leibniz Institute- German Collection of Microorganisms and Cell Cultures: S. pasteurii (DSMZ
33) cells were selected and used as a self-healing agent in cement-based materials. S. pasteurii
cells were grown in a Urea-corn steep liqueur (CSL)-sodium acetate nutrient medium (UCSL)
which includes tris base (0.13M), CSL (15 g), sodium acetate (10g) and urea (20 g) per liter of
distilled (DI) water. The pH of the medium was adjusted to 9. First, the nutrient medium was
sterilized at 121°C for 45 minutes. The cells were incubated aerobically in sterilized liquid
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medium with shaking conditions (175 rpm) at 30°C until the stationary phase (109 CFU/mL)
was reached. Then, the cells were collected from the culture by centrifuging at 6300g for 15
min. The cells were washed twice by PBS (Phosphate buffered solution) and stored at 4°C until
immobilizing.
2.2 Material Composition
DE (Diatomaceous Earth), and pumice were used to immobilize bacterial cells. DE was
provided regionally from a source in Turkey. DE particles used in the experiments were raw
materials without any further treatment and having irregular shapes. A Mastersizer 2000
particle size analyzer with a Hydro MU 2000 (Malvern, Worcestershire, United Kingdom) wet
dispersion unit was used to measure the particle size distributions of cement and DE. To prevent
hydration of the cement particles, the cement particles were dispersed in ethanol. The average
particle sizes of DE and cement were determined as 19.20 and 23.2 µm, respectively. The
particle size was ranging from 0.375 to 90 µm for DE and it was ranging from 5 to 90 µm for
OPC. DE was used as an addition to the mix by 5% of cement weight. The absorption capacity
of DE was found to be almost 100% by its weight. Pumice was used as aggregate replacement
such that 5% of the sand used in mortar mixes. The particle size of light weight pumice
aggregate was in between 0.3 to 2.5 mm, while the absorption capacity was 45% by its weight.
Besides the additions or replacements, mortar samples were prepared using OPC CEM I
42.5R and standard sand accordingly to the norm EN 196-1. A polycarbooxylate
superplasticizer was used to maintain the same workability criterion for all samples. The water
to cement ratio (w/c) was kept at 0.45.
2.3 Immobilization Procedure
The immobilization was achieved by simply submerging the DE or pumice to a bacterial
suspension. To immobilize the cells on DE, 2 grams of viable S. pasteurii cells were collected
as it was stated in Section 2.1, and they were resuspended in a sterilized 50 mL PBS solution.
Then, 22.5 g of DE was added to the suspension. Sixty-seven grams of pumice was added to
the 6 grams of cell suspension in 80 mL PBS. Immobilization for both materials was achieved
with shaking conditions (175 rpm) at 30°C for 24 hours. Then, the slurry was removed from
incubation and kept at 40°C in an oved for an additional 12 hours. Excess PBS content on DE
and pumice was calculated by subtracting the known weight of DE/pumice, bacterial cells and
theoretical absorbed PBS from the final weight of oven dry slurry. This value was subtracted
from the mixing water content. To ensure the immobilization was achieved, the morphology of
the DE and pumice was evaluated before and after treatment by a FEI-Philips XL30
Environmental Scanning Electron Microscope with Field Emission Gun (FEG). Figure 1 and 2
show the SEM images obtained before and after immobilization procedure, respectively.
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(a)

(b)

(c)

Figure 1. Morphology of (a) cement (b) pumice and (c) diatomaceous earth before immobilization. Scale: 5 µm.

(a)

(b)

(c)

(d)

Figure 2. Immobilization of bacterial cells on (a), (b) diatomaceous earth (c), (d) pumice. Scale: 2 and 5 µm.

2.3 Experimental Planning
2.3.1 Preparation of mortar samples
Mortar samples were prepared by ASTM C305-14. Samples were made with a water- to-cement
ratio of 0.45 and a sand-to-cement ratio of 3. The mortar samples were then cast into 40 x 40 x
160 mm molds and kept in humid environment at 21°C for 24 h. Then the molds were removed,
and the samples were further cured in moist environment until testing (22°C). To provide
flexural resistance during crack initiation, 12-mm micro synthetic fibers were added to mortar
(4 g/m3 of mortar). A polycarboxylate ether (PCE)-based superplasticizer (BASF) was used to
maintain the required workability of mortars in terms of flow table diameter based on ASTM
C1437-15. To quantify the workability, a flow table test was conducted based on ASTM C143715 (ASTM International 2015). The workability of pastes was adjusted using PCE
superplasticizer when necessary. PCE was added into mortar mixes until the desired flow
reached (±10% of the control neat mortar). Average flow values were calculated from triplicates
of samples from 5 batches (15 samples in total). Table 1 summarizes the composition and flow
behavior of different mixes used in this study.

140

Mustafa M. Tezer and Zeynep B. Bundur

Table 1. Summary of mixing ingredients and flow (%). PBS: Phosphate buffes solution; SP:
Superplasticizer; DE: Diatomaceous earth; Pum: Pumice. C: Only includes air dry minerals; Bac: all
mineral content was saturated with bacterial cells and PBS; 2P: Two-phase bio additive containing
bacterial cells and nutrients. Flow values were given average ± standard deviation.
Sample

Cement

Sand

S. pasteurii Mineral
cells
content

PBS

Nutrient
solution

SP

Flow (%)

Kontrol

450 g

1350 g

-

-

-

-

3g

21 ± 0.4

DE-C
Pum-C

450 g
450 g

1350 g
1282.5 g

-

22.5 g
67.5 g

-

-

4.5 g

DE-Bac

450 g

1350 g

2g

22.5 g

90 g

-

Pum-Bac

450 g

1282.5 g

6g

67.5 g

90 g

-

DE-2P

450 g

1350 g

2g

22.5 g

45 g

45 g

Pum-2P

450 g

1282.5 g

6g

67.5 g

45 g

45 g

3g
1.5 g

30 ± 0.4
15 ± 0.4
36 ± 0.4
25 ± 0.4
34 ± 0.4
32 ± 0.4

2.3.2 Crack formation, curing and evaluation of crack healing
At the end of the 28th day of mixing, the samples were removed from the curing environment
and cracked under flexural loading using a servo hydraulic displacement-controlled device
(0.05 mm/sec). The sample was unloaded once the crack was formed visually, which
corresponded to 50 ± 3% of the ultimate flexural strength of samples. Upon unloading, the
remaining crack width ranged from 0.30 mm to 0.35 mm. A set (3 samples) of control samples
were not cracked for further analysis. Once the cracks were formed a set of cracked samples
were cured in water and another set was cured in nutrient medium. Curing process was done by
submerging the samples into curing solutions for 2-days and then, subsequently leaving them
at ambient conditions for 2 days. This 2- day period curing process was applied until at least
90% crack sealing was observed. To investigate the self-healing in cement-based mortar,
cracked beams were periodically observed under NIKON Inc. SMZ745T Stereomicroscope and
analyzed with CLEMAX visual analysis system. Air dried samples were analyzed weekly for
CaCO3 crystal formation within cracks. Complementary quantification was done by Ultrasonic
Pulse Velocity (UPV) test.

3 Results and Discussion
Upon 14 to 28 days of curing, the cracks were visually sealed in specimens containing bacterial
cells (DE-Bac; Pum-Bac; DE-2P and Pum-2P) when additional nutrients were provided with
curing. There was not any visual crack closure or any crystal precipitation in control samples
without any bacterial cells regardless of the sample age and type of curing (within the 28-day
observation period). From each set, triplicates of samples were cast and the specimens in the
same sets showed similar crack- filling trend. Since the visual crack healing was almost the
same for each set, one representative image of series with 28-day old samples containing
bacterial cells is shown in Figure 3 and Figure 4.
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(a)

(b)

(c)

(d)

Figure 3. Stereomicroscopy images of the cracks (0.3 to 0.4 µm) in 28-day old specimens containing
diatomaceous earth (a) DE-Bac after 28-days of water curing (b) DE-Bac after 28-days nutrient curing
(c) DE-2P after 14 days of water curing and (d) DE-2P after 14 days nutrient curing.

(a)

(b)

(c)

(d)

Figure 4. Stereomicroscopy images of the cracks (0.3 to 0.4 µm) in 28-day old specimens containing
pumice (a) Pum-Bac after 28-days of water curing (c) Pum-Bac after 28-days of nutrient curing (c)
Pum-2P after 14-days of water curing and (d) Pum-2P after 14-days of nutrient curing.

Based on the visual crack evaluation, both DE and pumice was found to be effective in terms
of immobilizing the bacterial cells and trigger self-healing. The possible mechanism of these
minerals could be attributed to their relatively high capacity to absorb and hold bacterial cells
on the surfaces. In addition, it could also be noted that additional nutrients as urea and [Ca+2]
source should be provided either during the mixing or in the curing solution. DE was already
known to be a good mineral agent to immobilize and protect the cells from high pH environment
of cement paste. This could be attributed to its relatively higher absorption capacity and high
specific surface area which could enable a more homogenous. Since DE is also a
microbiological formation, it could also provide a more suitable microenvironment for the
bacterial cells compared to cementitious environment and thus bacteria could still decompose
urea (Wang et al. 2012c). Even though, both minerals were effective in terms of remediating
the cracks, however pumice was slightly more efficient compared to DE in terms of crack
closure, particularly in samples containing 2-phase mineral additives. This could be directly
related to the number of bacterial cells added to the mix. Since pumice have larger particle size,
it was used as a sand replacement which was 3 times more than DE addition. Relatedly, the
amount of bacterial cells and nutrient solution was also tripled. This might lead to a more
efficient crack healing in pumice containing samples compared to DE modified samples.
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UPV test results also confirmed that healing was occurred in cracks. Figure 5 shows the UPV
test results for mortar samples cured in different conditions after crack initiation. There was a
full crack closure in Pum-2P and DE-2P samples in 14 days, thus the evaluation of the sample
was further done by water absorption test. Similar to the visual inspection, healing was observed
in almost all samples containing bacterial cells. In particular, for samples containing DE, a
higher self-healing was only observed in DE-Bac and DE-2P samples when they were cured in
nutrient medium. However, there was also a change in UPV reading in DE-Bac and DE-2P
samples cured in water. This might indicate that there might be an internal crack healing process
occurred in the samples rather than crack mouth sealing, which might not be detected via visual
inspection. Similar results were also obtained with Pum-Bac sample in which a higher UPV
reading was observed without any visual crack sealing. Further investigations are being done
in terms of quantifying self-healing through water absorption.
4,5

4,5
DE-C

DE-Bac

DE-2P

Pum-C

Pum-Bac

Pum-2P

DE-C

4

3,75

DE-2P

Pum-C

Pum-Bac

Pum-2P

4,25

UPV (km/h)
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4,25
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1

7

14
Time (Days)

21
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4
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1

7

14

21

28

Time (Days)

(a)
(c)
)
Figure 5. UPV record after crack healing (a) 28-days of water curing) (b) 28-days of nutrient
curing

4 Conclusion
This study was undertaken to investigate the possible use of diatomaceous earth and pumice as
an immobilization barrier for bacterial cells to trigger crack remediation in mortar. Cracks with
an average width of 0.4 mm in 28-day old mortar specimens were almost completely filled by
bio-based precipitate depending on the curing regime. Results showed that cells require
additional nutrient source as urea and calcium acetate either in the mix or as curing regardless
of type of the immobilization barrier. Cracks were sealed even in sample including relatively
smaller dosage of nutrients and bacterial cells in presence of moisture. Moreover, the duration
of crack healing was approximately 21 days, which was almost half of the duration to remediate
the cracks when cells were directly incorporated to the mix. Further investigation has to be done
to characterize the precipitate and evaluate the influence of crack sealing on permeability.
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Abstract. Organic repair products for concrete can be exposed to accidental incidents, like fire. The
increase of temperature produces a modification in some of their properties. In general, these types of
repair products have organic fibers to increase their tixotropic properties, but they are more sensible
to the high temperature than the Portland cement or aggregates. In order to analyze the behavior of
organic repair mortars with temperature three types of repair mortars are studied. These repair
products have the organic components composed by acetate fiber of polyvinyl like Vinyl Acetate Acrylate
(VAA), Copolymer of Vinyl Acetate Vinyl Versatate (VeoVA) and Acrylic polymers fibres. The repair
products are tested increasing the temperature from 1.7ºC /min until 200ºC, 400ºC or 600ºC respectively
during 20 minutes. After that, the samples are cooled in four different cooling conditions two of them
slow and two others fast, and with and without oxygen. These conditions are used in order to simulate
the different conditions that can occur during the cooling after fire. After the testing the visual aspect,
the color and brightness and the open porosity is analyzed in each condition of test. In this work the
relationship between the temperature of exposition, the cooling conditions and the change in some
physical properties are studied.
Keywords: Organic Repair Mortar, Fire Resistance Test, Color Change, Open Porosity.

1 Introduction
The progression of the temperatures in the interior of the fire area is greatly conditioned by a
series of very varied parameters, such as the type and density of the fire, the capacity for thermal
dispersion of the epidermis, the level and disposition of the ventilation, etc. Kucera, P. (2007).
Although it is possible to model or predict the thermal evolution of the gas in the affected area
to a greater or lesser degree during the project, and from there and design sufficiently safe
structures (with viable criteria for its use). The evaluation of the residual capacity of existing
structures affected by a fire usually require a more realistic determination of the distribution of
the temperatures in the different elements of the structure, Kodur, V.K.R. and Phan, L. (2007).
It must be borne in mind that the real conditions of the fire (strength of the fire, ventilation, etc.)
are difficult to determine precisely and a theoretical prediction not contrasted with real data
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could give rise to significant deviations in areas relative to the thermal analysis of the structure
and hence the mechanical evaluation.
The distribution of the temperatures in the interior of the area affected by the fire is not
homogeneous, which is why the determination of the number of testing points, their
distribution, etc., so that the results are representative and constitute a sound basis for the
structural analysis is a relevant question. However, when samples taken from a real fire are
analysed it is not always possible to have the suitable number or disposition samples available.
On the other hand, in order to determine the residual resistant capacity of the elements of the
structural concrete affected by the fire, it is important to find out not only the distribution of the
temperatures in the elements, but also how the effect on other relevant mechanical properties
come about from exposure to fire, such as the steel-concrete adhesion. Within the series of
temperatures that are produced in the interior of the section, there is an important significance
from the mechanical point of view, as are 500ºC. On the one hand, the average value of the
resistance to compression losses of the concrete (with lime aggregate) contemplated at a
regulatory level is in the order of 40%, which would correspond approximately to the
admissible loss in a residential or administrative building in a strict reinforced position (EN1992 – Eurocode 2: Design of concrete Structures). It is the basis for one of the most used
simplified calculation methods in the verification of concrete structures in the case of fire,
which is known as the simplified 500ºC isothermal method, Ashely, E. (2007).
The cement based materials have a low thermal conductivity and an elevated specific heat,
which is why ambient temperature constitutes a suitable protection for the reinforcement.
However, when it becomes subject to higher temperatures it goes through a series of physicalthermal transformations that bring about a modification in the products of the hydration of the
cement. From 300ºC, a loss of water comes about as a result of the decomposition of the CSH
gel, which brings about a contraction as a result of this loss, even though it is necessary to
exceed 900ºC in order to bring about a complete decomposition. Likewise, a decomposition of
the portlandite comes about at between 450 – 550ºC, as does a loss of CO2 of the carbonates
from 600ºC. For its part, the siliceous aggregates also go through a physical-thermal
transformation from 573ºC, while the lime experiences a decarbonisation at temperatures
greater than 600ºC. Although it is important to indicate the possible changes in the aggregate
as an effect of the temperature, it also depends on other factors such as size, porosity
permeability, etc. – the less porous the aggregate, the less susceptible it is to the action of the
fire, Charreau, G.L., Luna, F. (2000). The decomposition of portlandite in cement based
materials can be used as an indicator of progression of temperature inside of the material and
situate the isotherm 500 in the material, Menéndez, E., Vega, L. (2012).
The physical-thermal transformations undergone by the concrete as an effect of the
temperature are translated into a loss of performance, especially when the material exceeds
600ºC. As the temperature increases, a modification in the creep comes about, which can also
be seen as a strong dependency on its resistance and elasticity, Schneider, U. (1976). On the
other hand, the conditions of putting out the fire must be taken into account, as the speed of
cooling or the contact with the water has a significant influence on the physical-mechanical
conditions present in the concrete once the fire is extinguished, Nassil, A. (2006). Specifically,
the physical-thermal transformations that the components of the concrete go through serve to
characterise it after it has been subject to the fire Colombo, M. and Felicetti, R. (2007). In this
case, X-ray diffraction, thermal analysis and scanning electron microscopy techniques have
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been used with the aim of analysing the behaviour of the concrete exposed to a real fire. Some
of these instrumental techniques, such as thermal analysis, are usually used to study the
behaviour of certain materials when exposed to the action of fire and high temperatures. As a
rule, the fundamental objective of these analyses is to look at the possible improvements that
could come about through the use of certain materials that could substitute or complement
others, Zhong, H., Wei, P., Jiang, P. and Wang, G. (2006).
Polymer-modified mortar (PCM) contains synthetic resins and/or combustible polymers such
as rubber. Hence, the combustibility of PCM is strongly affected by the type and amount of
combustible polymer, S. Akihama, et.al (1973). The combustible properties of several types of
PCMs at high temperatures can be tested using JIS A 1321 (a testing method for
incombustibility of internal finish material and procedure of buildings), Y. Oham, S. Suzuki
and H. Ozawa (1980). The influence of a polymer admixture on the fire resistance of PCC and
analysis of peeling and explosion of PCMs by fire tests are carried out Chandra, S., Berntsson,
L., and Anderberg, Y. (1980). On the other hand, the incombustibility of polymer-modified
mortars is strongly affected by the polymer type rather than the polymer-cement ratio or
polymer content. Some authors have been performed tests about heat release of PCMs Ohama,
Y., Shirai, A., and Imamoto, K. (2011).
In the present work, studies of different polymer-modified mortars have been done. The
repair mortars have exposed at 200ºC, 400ºC and 600ºC during 20 minutes and are cooling
quickly or slowly. The visual aspect, open porosity and colorimetry is analysed in the different
samples tested to take conclusions on their behaviour at different temperatures.

2 Raw Materials
Repair mortars were made from three products that were previously selected. Repair mortars,
suppliers, characteristics, visual appearance, as well as the organic components that make up
the fibers (main components), are shown below in Table 1.
Table 1. Information of repair mortars.
Product

Codification

Type of polymer

PLANITOP HDM MAXI

PHM

Acrylic polymer

MEF

Copolymer of Vinyl Acetate Vinyl Versatate
(VeoVA)

S5400

Vinyl Acetate Acrylate (VAA)

MAPEGROUT EASY
FLOW GF
MASTER EMACO
S 5400

Visual
Aspect

3 Manufacturing, Curing Process of Repair Mortars and Test Procedure
Repair mortars were manufactured following the procedure described in the manufacturer's
instructions, the mixture is kneaded, poured into the molds and the specimens are cured at 20°
C and 60% humidity. Next, in Figure 1, the general appearance of the cured specimens is shown.
Samples were tested at temperatures of 200 ° C, 400 ° C and 600 ° C. The exposure time as
well as the thermal gradient of the test is shown in Figure 2 below. Four samples of each product
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were tested, two in the presence of oxygen and another two in the absence of oxygen
respectively. The cooling conditions are shown below:
 Slow cooling: Condition that allows the sample to cool inside the oven until it reaches room
temperature (20ºC).
 Fast cooling: Condition that consists of suddenly removing the sample from the oven, so
that it loses temperature quickly, while the sample is reserved in a desiccator.

Figure 1. Visual Aspect of the repair mortar.

Figure 2. Heating curve proposed for the test.

4 Porosity Accessible to Water
The porosity of the mortars that have been made with the repair products is determined. For
this, the porosity of samples that have not been subjected to heat treatment (reference) is
determined, and the porosity of the samples subjected to the fire resistance test is determined.
Procedure that allows to study the behavior of the porosity as the test conditions change.
The methodology described in the UNE EN 1936 standard is used to determine the porosity
accessible to water. Next, Table 1 shows the test conditions that the samples are subjected to.
Table 2. Test conditions.
Temperatures 200ºC
400ºC
600ºC
Slow cooling without O2 (SC)
Slow cooling with O2 (SCO)
Test conditions
Fast cooling without O2 (FC)
Fast cooling with O2 (FCO)

4.1 Porosity of Mortars as a Function of the Product Used
Next, Figures 3 shows the porosity values obtained from this test are plotted. Some dispersion
in the porosity values is observed for each of the mortars tested. Porosity increases as the test
temperature increases; the apparent increasing of cracking in mortars can causes this effect.
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Figure 3. Porosity of mortars.

4.2 Porosity Variation as Function of the Test Temperature
In order to study the behavior of the products tested, at each test temperature, the variation of
the porosity as a function of the study temperature is shown below (Figures 4).
MEF
PHM
S 5400

200ºC
FCO

SCO

FC

SCO
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S 5400

400ºC

FCO

-5

0

5

0

10

2

4

6

8

10

Porosity Variation (%)

Porosity Variation (%)

Porosity Variation (%)

Figure 4. Porosity variation of mortars tested at 200, 400 and 600 ºC.

In general, an increase in porosity is observed as the test temperature increases. Samples
subjected to 600°C contain fibers composed of polymers that decompose at temperatures above
500°C, forming gases such as methane, carbon dioxide and carbon monoxide among others.
These gases increase the pressure inside the mortar, causing tensions in the areas where the
pressure is higher, this effect can cause cracking, increasing the porosity of the mortar.
On the other hand, a decrease in the porosity in the PHM mortar is observed, at 400°C,
caused by the fusion and diffusion of the fibers through the pores, filling the air pores, an effect
that would explain this behavior.
4.3 Porosity Variation as Function of the Cooling Conditions
The increment of the porosity is shown depending on the test condition, it should be noted that
the values shown below are values that reflect the increase in porosity with respect to the
reference porosity values for each mortar tested. In any case, the most favorable scenario (least
increase in porosity) is in which the mortar tested is cooled slowly. Although between the two
scenarios in which it cools slowly, the one performed without oxygen shows less increase in
porosity.
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Figure 5. Porosity increment of mortars that were cooled slowly with and without O2.
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Figure 6. Porosity increment of mortars that were cooled suddenly with and without O2.

5 Colorimetry
Colorimetric techniques are based on the measurement of radiation absorption in the visible
area by colored substances. All systems that quantify color from three variables have
colorimetric aspects: Luminance, Length and Purity.
With this technique, the color behavior of the mortars tested is studied, the color is measured
in the mortars that have not been subjected to the test conditions, and then the color is measured
in those mortars that have been analyzed in the test conditions shown in Table 3.
Table 3. Test conditions.
Temperature
200ºC
400ºC
600ºC
Slow cooling without O2 (SC)
Slow cooling with O2 (SCO)
Test conditions
Fast cooling without O2 (FC)
Fast cooling with O2 (FCO)

5.2 Colorimetric Variation as Function of Test Temperature
Next, a data processing is carried out. The color variation of the tested products is determined,
compared with the color tones of the reference (product without heat treatment).
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reference colorimetric values. As for the temperature of 600 ° C, the color variation of the
products tested show a linear trend around the blue color when the brightness increases.

6 Conclusions
The following conclusions are obtained from the tests performed:
- The repair mortar that has the lowest porosity is MEF; on the other hand, the product that
has the highest porosity is the PHM.
- In temperatures, at 200ºC and at 400ºC a good behavior is observed in the materials tested,
while at 600ºC the behavior is very unfavorable in all cases, because at 600ºC, the increase
in porosity is significant and it can cause reduction of mechanical strength. On the other
hand, the PHM mortar is the one that shows the highest porosity, but it is the only one in
which the porosity decreases when tested at temperatures between 200ºC-400ºC. This
behavior may be caused by the composition of the fibers. The melting temperature of fibers
is in the range 200° C - 400°C, causing diffusion of the fibers through the pores of the
cementitious paste, filling capillary pores, and decreasing the porosity.
In general, a linearity is observed between the increase in temperature and the decrease in
brightness, approaching darker tones as the test temperature increases.
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Abstract. Often the mere mention of the word “Sustainability” leads to the reflection of the effect of
our actions on environment and future generations. Especially the application of reinforced concrete as
the most used construction material has a huge impact on a society being sustainable. Thus, the
construction industry focuses on the design of environmentally- and resource-friendly buildings.
However, due to our aging infrastructure and expected high demand of maintenance and repair in
future, a further look on the sustainability of different repair measures for reinforced concrete structures
has been neglected in the past. This paper presents a comparative case study of the life-cycle analysis
of two different repair measures for reinforced concrete affected by chloride-induced corrosion. The
selected repair measures – removal of the chloride-contaminated concrete and cathodic protection –
are the most common repair measures in Germany. In future way concrete repair measure could be
selected not only by the costs but as well by their environmental impact. This paper provides first
information to achieve this target.
Keywords: Reinforced Concrete Structures, Repair Measure, Life-Cycle-Analysis, Reinforcement
Corrosion.

1 Introduction
Our infrastructure is the backbone of our society and economy. Bridges and tunnels maintain
our mobility and enable the transportation of constantly increasing number of goods.
Additionally, in dense inner city areas multi-storey and underground car parks are of greatest
importance to provide space keeping the traffic flowing. However, most of these reinforced
concrete structures have achieved already their designed service life or the designed service life
is shorten due to durability issues. Consequently, these structures need repair measures.
Especially, chloride-induced corrosion require maintenance actions as major reason for
structures deterioration. Chlorides from sources such as de-icing salt or marine environment
penetrate into the porous concrete and as soon as a critical chloride concentration accumulates
at the reinforcement, corrosion initiation becomes likely. Consequences of reinforcement
corrosion are the loss of rebar cross section and in an advanced stage cracking and spalling of
the concrete cover. Thus, this deterioration process impairs the serviceability and the load
bearing capacity of our infrastructure.
The standard, EN 1504-9 provides several repair principles for chloride-contaminated
concrete structures with the aim to stop and to prevent reinforcement corrosion. The most
commonly applied repair principles are:
-

Principle 7:
Principle 8:

Preservation or restitution of the coat passive layer (RP)
Increase of concrete resistance (IR)

doi:10.23967/dbmc.2020.021
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-

Principle 10: Cathodic protection (CP)

The principles 9 (cathode control) and 11 (anodic areas control) have no conceptual meaning
in Germany since their effectiveness have not been proven yet.
The approach achieving corrosion control of each repair measure is different. For preserving
and restoring the reinforcement’s passivity, the chloride-contaminated concrete is removed and
replaced by new, alkaline and chloride-free concrete. The high alkalinity of the fresh concrete
leads to the repassivation of the former anodic areas and reinforcement corrosion is impaired.
The repair measure is by far the most common one even though it is a significant intervention
in the structure’s integrity.
The increase of concrete resistance aims to dry out the concrete, e.g. by application of a
concrete coating, until the electrolytic corrosion process is no longer possible and the corrosion
velocity comes to a negligible rate.
In recent years, cathodic protection systems gain more and more attention and one standard
(EN ISO 12696) focuses exclusively on this repair measure. Cathodic protection suppresses the
anodic reaction by applying an electric potential. The polarization of the reinforcement forces
the reinforcement to act electrochemically as a cathode. Consequently, no anodic reaction – no
loss of cross section – can take place even though the chloride concentration is on a critical
level. In addition, cathodic protection diminishes the driving potential between former anodic
and cathodic rebar areas providing supplementary protection against corrosion.
Each repair principle can be pursued by different repair procedures/ methods that vary in the
execution following the same objective.
The demand of maintenance and repair of reinforced concrete structures will increase
tremendously in the upcoming year. We need a further look on their sustainability to support
the decision-making of choosing an adequate repair principles and corresponding repair
method. Thus, this paper presents a first approach comparing the life cycle analysis of two
repair methods for a specific case study. The aim is to evaluate the category indicators (a) global
warming potential, (b) abiotic depletion and (c) ozone layer depletion when applying cathodic
protection and concrete replacement as repair measure.

2 Life Cycle Assessment
The Paris Agreement from the United Nations urges especially the developed countries to
deliver an overall mitigation in global emissions. This goal is only achievable, if we are aware
of our environmental impacts. This applies in particular to the construction industry as one of
the major emitters due to e.g. the energy-intensive production of cement/ concrete and steel.
One option to identify the most sustainable repair measures of reinforced concrete structures is
the implementation of a life cycles assessment (LCA) according to DIN EN ISO 14040 and
DIN EN ISO 14044.
The LCA study consists of several steps starting with the definition of the scope followed
by the inventory analysis and impact assessment and ends with the interpretation of the results.
The scope of the LCA should be described as precise as possible including all considered
boundary conditions to ensure consistency. The inventory analysis collects all data involved
such as the quantification of the relevant inputs and outputs of the repair action during the
defined life cycle. The inputs and outputs should be broken down to the elementary level.
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During the impact assessment phase, the impact of the repair measure on the environmental
is estimated based on category indicators. Impact categories are the consumption of primary
raw materials; water consumption, primary energy consumption, global warming potential,
acidification potential, photochemical ozone creation potential and material recyclability. The
final step is the discussion of the outcome taken into account the objective of the study.
Conclusions and recommendations complement the LCA study leading to a clear decisionmaking basis for more sustainable rehabilitation of concrete structures.

3 Case Study
The objective of the life-cycle assessment of two different repair measure is to support future
decision-making for the most sustainable repair measure. Secondly, the study aims to identify
missing data we need to collect in future to enable comprehensive sustainability analysis of
repair measures.
3.1 Functional Unit
The functional unit for this sustainability assessment of repair measures is a very common
constructive element: one square meter of reinforced concrete plate. This plate could be e.g.
part of a bridge superstructure or part of a multi-storey car park. Consequently, the functional
unit is assigned to exposure class XD3 (DIN EN 206), which considers chloride exposure from
de-icing salts in combination with cyclic wetting and drying. Since the element is part of an
aged, deteriorated structure the used cement type is Portland cement. The concrete cover is
about 55 mm and therefore in compliance with the current standards. The same applies to the
water-to-binder ratio of 0.45 and the cement content of 320 kg/m³. The designed service life is
75 years with a target reliability index of 0.5 (DAfStb, 2008). This target reliability corresponds
to a corrosion probability of 30 %. No additional protection such as polymer concrete coatings
are applied and possible cracking of the concrete cover, respectively crack repair is neglected.
3.2 Service-Life Assessment
First, a probabilistic service life prediction assists the decision making to estimate when and
how often the functional unit requires repair actions. Figure 1 shows the results of the initial
probabilistic service life prediction according to fib Model Code for Service Life Design (fib
bulletins 34 and 76).
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Figure 1. Service life assessment of the case study.

Even though, the durability design of the functional unit complies with the standards the
target reliability of β = 0.5 is achieved after around 40 years. This result is in line with literature
data (fib bulletin 76), which revealed that the durability design rules cannot ensure consequently
a design service life of normally 50 years without the need of repair actions. However, the
presented case study requires repair action within the designed service life of 75 years.
3.3 Repair Measures
As mentioned above the most common repair measures of chloride-contaminated concrete are
based on the Principles 7 and 10 (EN 1504-9). Therefore, the life-cycle assessment includes
one repair method from both principles:
- 7.2: Substitution of the chloride-contaminated concrete
- 10.1: Application of an electric potential
3.3.1

Repair measure 7.2

Roughly, the application of the repair method 7.2 consists of the mechanical removal of the
chloride-contaminated concrete and the refill with fresh and alkaline concrete until the former
or newly requested concrete cover is achieved. This procedure can be an intrusive intervention
in the structure’s integrity. On the other hand, it is an effective method to inhibit reinforcement
corrosion.
However, very little information is available on the service life of this repair measure. Tilly
and Jacobs (Tilly et Jacobs 2007) analyzed 230 case studies of concrete repair measures.
Concrete replacement were effective only in rd. 50 % of the investigated use cases. The authors
listed several reasons for the failure: inappropriate measure or material, execution error, nonconformance of the specifications etc.. After 5 years in service, 20 % of the repair measure
needed repair measure, 55 % within 10 years and 90 % within 25 years. Polder et al. (Polder et
al. 2016) confirmed the results of Tilly and Jacobs with data of a Dutch study.
3.3.2

Repair measure 10.1

Here, the application of the electric potential is implemented through an impressed current
cathodic protection (ICCP) system, where an external power supply generates large potential
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differences to enable the current flow needed for corrosion protection. In the electric circuit,
the reinforcement acts as a cathode whereas the anode system is applied on the concrete surface
layer. Several anode systems are on the market. The most common anode systems for plate
elements are mixed metal oxide/titanium (MMO/Ti) anodes in shape of ribbons or meshes,
which must be embedded in cementitious material to enable the electrolytic contact to the
concrete. The application require several working steps, however, it maintains the structures
integrity since the chloride-contaminated concrete remains in the structure.
The whole ICCP system needs to be applied only once and the effectiveness of the corrosion
protection is monitored. Nevertheless, the systems includes many electrical components such a
power supplies or electrical transformers with limited service life under continuous use. Their
replacement is easy to handle and need to be considered for the life-cycle analysis.
The ISO 12696 indicates a service life of the NMO/Ti anodes in the range of 25 to 100 years
in dependence of the range of the current density. Polder et al. (Polder et al. 2016) estimated
the service life of a CP system of about 50 years and Wilson et al. (Wilson et al. 2013) of about
10 to 120 years, excluding the electric components, which need replacement at least every 20
years. Nevertheless, it is important to mention that cathodic protection systems on concrete
structures is a relatively new repair measure (started in the 90’s) and current experiences are
based on the early, more vulnerable cathodic protection systems.
3.3.3

Repair measure cycles

It appears that very little information is available on the durability of repair measures itself.
Based on the literature it is very likely that repair measure needs repair action due to the use of
inadequate material or poor execution. These effects are very hard to predict and therefore, the
estimation of repair cycles during a service life of a concrete structure is subject to assumptions.
The installation of the CP systems with ribbon anodes takes place earlier in a service life
than the replacement of the chloride-contaminated concrete. The reason for that is that the CP
system can only be applied when the corrosion damage is not in an advanced stage showing
cracks and spalling of the concrete cover. Therefore, the timing of the CP installation is set
when the reliability index is 1.3 (corrosion probability 10 %) after 11 years, see Figure 1. Every
20 years, in total for two times, all electronic components will be renewed. In contrast, the time
of the concrete replacement corresponds to the time when the target reliability is reached after
40 years. It is assumed that the new concrete shows the same chloride penetration resistance as
the former one. Therefore, the repair measure takes place only once until the end of the designed
service life of the structure.
3.4 The Inventory Analysis
The objective of the inventory analysis is the collection of all relevant environmental
information on the used material and the execution process for each repair measure. Each step
includes if necessary the consumption of energy and water and the consideration of the transport
(fuel, distance) of the needed material.
3.4.1 Relevant information of repair measure 7.2
The execution of the repair measure 7.2 consists of the following steps, which need to be
considered for the LCA:
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-

Removal of concrete with ultra-high water pressure jetting
Production of concrete
Processing of the fresh concrete
Disposal of concrete

3.4.2 Relevant information of repair measure 10.2
The following inputs and outputs are part of the installation of a cathodic protection system on
reinforced concrete with ribbon anodes:
- Production of the titanium anodes
- Production of the embedding mortar
- Production of reference electrodes
- Production of the Electronic components (e.g. power supply, transformer and rectifier,
control devices, data management systems and connection boxes, cables)
- Concrete milling
- Installation of the ribbon anodes
- Installation of the reference electrodes
- Installation of the electric contact to the reinforcement
- Processing of the embedding mortar
- Disposal of concrete
- Disposal of electronic waste
It is obvious, that the installation of a cathodic protection system requires much more
working steps that the concrete removal. However, the quantity of the processed concrete is
much higher for the concrete replacement, whereas only the cathodic protection system needs
electric components.
Sometimes, during a concrete removal the structural element (functional unit) needs
additional support for static reasons. This step is not included in this analysis.
3.5 Results
The software package SimaPro (Version 8.4.0.0) with the underlying databases of ecoinvent
(Version 3) supported the evaluation of this LCA study using the CML-IA baseline method.
The following results show the comparison of both repair measures for selected impact
categories considering a service life of 75 years, see Figure 2.
In all three categories, the cathodic protection system shows greater impact on the
environment than the concrete replacement measure. The greatest difference between both
repair measures is in the global warming potential. Here, the impact of the CP systems is more
than twice the level of the concrete replacement. The reason for this difference is the impact of
the replacement (production and disposal) of the electronic components for the cathodic
protection system with a value of 158 kgCO2eq. The highest impact on the global warming
potential within the concrete replacement has the removal of the old concrete using ultra-high
water pressure jetting with a value of rd. 62 kgCO2eq.
The same dependencies apply for the abiotic depletion. Here, the impact of the CP systems
is much greater due to the production of the electronic components with a value of 586 MJ.
Again, the ultra-high water pressure jetting during concrete removal has major impact on the
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abiotic depletion of the concrete replacement. The difference between both repair measures is
less pronounced considering the ozone layer depletion.
b)
3000
2500
2000
1500
1000
500
0

CP

CR

c)

2.50E-05
2.00E-05
1.50E-05
1.00E-05
5.00E-06

0.00E+00

CP

CR

Figure 2. The comparison of the (a) global warming potential, (b) abiotic depletion and (c) ozone layer depletion
of the two repair measures CP (cathodic protection) and CR (concrete replacement) on a reinforced concrete
plate after a service life of 75 years.

However, the presented results are only of preliminary nature and do not provide a
comprehensive study. Very often, the concrete surface needs an additional protection against
ingress of chlorides such as polymer coatings if no CP system is installed. These coatings need
also replacement in certain intervals. Thus, the consideration of a polymer concrete coating
would lead to different LCA results. Furthermore, the service life of the concrete structure and
the service life of the repair measure itself have a huge effect in the LCA outcome.
Nevertheless, this study provides a preliminary insight on the environmental impact on repair
measures. Even though, the concrete replacement requires the removal and refill of great
volume of concrete it is probably in a lot of use cases the most sustainable repair measure. The
impact of electronic components or presumably the impact of polymer concrete coatings is
much higher than the pure concrete.
Nowadays, the determination of the adequate repair measure depends mainly on other factors

159

Sylvia Keßler

such as costs, applicability, remaining service life, and many more. However, in future we
should also be aware of the environmental impact of the chosen repair measure as well.

4

Conclusions

The following conclusions can be drawn from this specific comparative LCA of the concrete
repair measures concrete replacement and cathodic protection.
- The environmental impact of the cathodic protection system is greater than the impact
of the concrete replacement when comparing the category indicators global warming
potential, abiotic depletion and ozone layer depletion.
- Even though, the concrete replacement consumes much higher quantity of energyintensive concrete it is not necessarily the repair measures with the greatest impact on
the environment.
- The high environmental impact of the cathodic protection system is the result of its
demand of multiple electronic components.
- The service life of the electronic components is the determining factor of the
sustainability of the cathodic protection system.
More generally, more field data on the durability of concrete replacement is required to
enable reliable assumptions on repair intervals.
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Abstract. In this paper, authors propose a method to predict deterioration of exterior finishes using
Markov Chain Model based on field survey results on cracks of exterior finishes of existing RC buildings.
There existed correlation between degradation of finishing and carbonation progress. Authors propose
the service life prediction approach to focus on the carbonation suppression effect into the concrete
considering progress of exterior finish deterioration.
Keywords: Masonry Coating, Visual Survey, Markov Chain Model, Service Life Prediction Method.

1 Introduction
Carbonation of concrete is one of the factors that determines the life of reinforced concrete
buildings. In general, it is possible to prevent the carbonation and extend the life by applying
an exterior coating material to the outer wall.
It is difficult to predict the degradation of finishing coatings because type of material, parts
used, construction level and maintenance level interactively affect the degradation of coating
material.
On the other hand, since the exterior finishing coatings is required to have protection
performance against reinforced concrete, its end would be evaluated as a time when the
carbonation suppression effect decreases a certain value. However, there are many unknown
points about the relationship between the deterioration of the exterior coating material and the
reduction of the carbonation suppression effect.
In this study, authors investigate the deterioration state of actual buildings throughout field
survey, and propose a deterioration prediction method of exterior coating materials by using
the Markov chain model, which is one of the comprehensive probabilistic models based on the
results of the survey. In addition, focusing on change of carbonation suppression effect with
deterioration of the exterior coating material, authors propose a method for evaluating the
service life of the coating material.

2 Development of Deterioration Prediction Method for Exterior Coating
Material
2.1 Collection of Deterioration Data of Exterior Coating Materials in Real BSuildings
Four reinforced concrete buildings shown in Table1 were surveyed from 2012 to 2016. It should
be noted that "Age from Repaint" means the age of the exterior coating material from renovation
year to 2016. In addition, since the four buildings locate in the neighborhood, it would be a
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161

Kotaro Etchuya, Keiichi Imamoto and Chizuru Kiyohara

close environmental condition. The number of renovations of the exterior coating material is
one, but years of the renovation is different.
Table 2. Classification of Crack Degradation.

Table 1. Surveyed Buildings.
Survey Buildings
B
C
D
reinforced concrete construction
4
4
4
12
18 N/mm2
18 N/mm2
21 N/mm2
21 N/mm2
1978
1977
1977
1977
2010
2008
2001
1997
6 old
8 old
15 old
19 old
A

Construction
Stories
Design Strength
Year of construction
Year of Repaint
Age from Repaint
Coating Material
(construction)
Coating Material
(repaint)
Color of finish

Multi-layer Coating Material (E Type)
Synthetic Resin Emulsion Paint
white

Survey items are as follows.
(1) Cracks: Visual cracks in the outer wall were classified into four grades. About 100 to 200
points with each point of 50mm x 50mm area for each building were surveyed. Grade
detection was performed using a standard sample shown in Table 2.
(2) Carbonation: Carbonation depth was measured by phenolphthalein solution method with
core specimens.
Fig. 1 shows relationship between elapsed years after the repair of the surveyed buildings
and average crack grade of each surveyed location. As an overall trend, it was confirmed that
cracking progressed with the passage of time since the renovation.
Fig. 2 shows relationship between elapsed years since renovation and depth of carbonation. It
can be seen that the progress of carbonation is delayed as the passage of time from the
renovation increases. Since age of each surveyed building is almost the same and the number
of repaints is one, it would be thought that not only the aging from the renovation to the time
of the survey, but also the aging from the new construction to the renovation affected the
progress of carbonation. Furthermore, the carbonation progressed in the buildings where the
renovation time was significantly delayed.
35
30

Corbonation Depth(mm)

Average of Degradation Grade

3
2.5
2
1.5
1
0.5
0

0

5
10
15
Age from Repaint (year)
South
North
East
West

20

25
20
15
10
5
0

0

Figure 1. Crack Degradation.

5
10
15
Age from Repaint (year)
North

20

South

Figure 2. Carbonation.

2.2 Deterioration Prediction of Exterior Coating Materials
The Markov chain model is a probabilistic model for future condition prediction, and it is a
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macro model that is used when it is difficult to predict by the accumulation of each affecting
factor. Here, in the degradation grades from O to III as shown in Fig.3, the transition probability
Xn is assumed to transit from certain degradation grade to the next grade after a certain time t.
It is assumed that the distribution of the deterioration grade at any time can be simulated. This
model has irreversible features, and its equation is represented in Fig.4.
As shown in Fig. 1, cracking phenomenon, which is the degradation phenomenon of exterior
coating, tends to progress with time, and is consistent with the irreversible characteristics of the
Markov chain model used in this study.
0
0
 O  1  x 0
  
I  x
1  x1
0
   0
 II   0
x1 1  x 2
  
  
0
x2
 III  0

0

0

0


1

t

1
 
 0
 
 0
 
 
 0

Figure 3. Conceptual
Figure 4. Determinant
Diagram of Markov Chain Representation of Markov Chain
Model.
Model.

Average values of the transition probability based on the results of the crack survey from
2012 to 2016 are shown in Table3. In addition, the results of prediction of deterioration of
cracks by Markov chain model using the transition probability are shown in Fig.5.
Feature of this model is as follows. At the time of "0 years", crack grade 0 occupies the entire
building, but the proportion of crack grade I increases as the age progresses, and the crack grade
0 decreases accordingly. Furthermore, the proportion of crack grade II increases as years
progress, and crack grade 0 and I decrease. In the end, the ratio of crack grade III, which is the
most significant degradation, increases.
100

Max
Min
Average

x0
0.384
0.016
0.108

x1
0.396
0.015
0.116

x2
0.400
0.004
0.178

80
Condition Rate(%)

Table 3. Degradation Probability.

60
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Finishing Material Age (years old)
０

Ⅰ

Ⅱ

Ⅲ

Figure 5. Prediction of Cracking.

3 Relationship between Cracking and Carbonation Suppression Effect
3.1 Decrease in Carbonation Suppression Effect by Cracking
Authors examine relationship between cracking and carbonation suppression effect.
Akio, T. (2013) showed that there is a certain correlation between surface air permeability
coefficient and carbonation rate coefficient of existing RC buildings. In this study, time change
of carbonation suppression effect of a multi-layer coating coating material was evaluated by the
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air permeability test. Crack of the coating material is degradation phenomenon as shown in
table 2 and CO2 induced carbonation would occur at the cracks which strongly affects air
permeability of the coating. Hence, the deterioration of the coating material and its relation to
carbonation would be evaluated with surface air permeability.
3.2 Verification at Laboratory

Ratio of Coeffient of Air
Permeability

Multi-layer coating materials for exterior finishing used in reinforced concrete buildings often
composed of three layers that are a top coating layer that protects the outer wall from solar
radiation and rain, a main material layer that provides texture and a primer layer that improves
adhesion to the frame. Here, in order to confirm the possibility that the protective effect of the
coating material would be reduced by cracking of the top coating material, the change of air
permeability of the surface layer was measured at laboratory.
An outline of test specimen is shown in Fig.6. First, sewing thread is laid down at different
intervals on calcium plate. Next, an acrylic resin emulsion paint as an overcoat layer for the
exterior coating material was applied to the calcium plate with a roller. After 60 minutes, the
sewing thread was pulled out to reproduce pseudo crack.
Surface permeability was evaluated using a double chamber method (1992) before the sewing
machine was laid down.
Fig. 7 shows the ratios of the air permeability coefficient of the test specimen before and after
crack initiation.
Here, “crack length” represents the total length of pseudo cracks in the range of the chamber
of the measuring apparatus.
It can be seen that the air permeability coefficient increases with the increase of the length of
the pseudo crack, and finally the air permeability coefficient approached to that of the calcium
carbonate plate before coating.
This might indicate that when the cracks in the top coat layer increase, the air permeation
becomes easier and the carbonation suppressing effect decreases. And the close air permeability
to the substrate calcium carbonate plate at significant crack state might be same as no overcoat
layer applied.

Figure 6. Test Models.

1.4
1.2
1
0.8
0.6
0.4
0.2
0

y = 0.05x ×10-2 + 0.38
R² = 0.71

0

500
1000
1500
Total length of cracking(mm)

Figure 7. Relation of cracking and Coefficient of Air
Permeability.

3.3 Survey of Actual Buildings
Crack and air permeability of actual buildings were surveyed. Nine reinforced concrete
buildings estates shown in Table4 were surveyed at a position of about 1.5m height above the
ground and a visual inspection of the cracks and surface air permeability tests were conducted
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at the same location. As a feature of these buildings, each building is under almost same
environmental conditions and age of construction and types of coating materials are same.
Fig. 8 shows secular change of crack grade and surface air permeability. As the years progress,
the crack grade and air permeability coefficient tend to increase. As a result, there was a
possibility that there was a temporary correlation between the cracks and air permeability of
the coating material.
Table 4. Survey Buildings.
Buildings
A
B

Building Age
11，14，18
13，16，18

C

7，9，11

Finishing Material
Sprayed Tile
Multi-layer Finish Material
(Thick E Type Treated Protrusion)
Sprayed Tile Thick E Type

Figure 8. Aging Effect on cracking and
Coefficient of Air Permeability.

3.4 Verification Using a Markov Chain Model for Deterioration Prediction Simulation
Kei.M (2013) evaluated period when carbonation rate coefficient of finished concrete became
equal to that of exposed concrete due to deterioration of the coating film as the service life of
the coating material. It was 13 years according to his study. Here, based on the fact that cracking
of the coating material progresses with time in Fig. 1 and that carbonation tends to progress
according to time from new construction to renovation, a damage of coating material was
assumed to be critical. Hence, “Accumulation of degradation” was set in consideration of the
relationship between years that exceeded the limit years and the degree of limit excess of
deterioration as shown in the following equation (2). And the relationship between
“Accumulation of degradation” and carbonation depth (Kotaro.E(2016)) was examined. Fig. 9
shows a conceptual diagram.
N T ( n)  L

Da  
n 1

 d L  t   d L 
t 1

n

n

(2)

Here,
Da: Accumulation of degradation”, N(times): Number of paintings including when building
exterior coating materials, T(n)(year): Number of years from the time of painting to the time of
renovation (when n = N, from the time of painting to the time of survey), L(year): Marginal
years for exterior coating materials, dn(x): Represents the ratio of degradation grade III (0 <dn
(x) <1) of Markov simulation at the time of n times of coating n times, and is considered only
when the age exceeds the limit years (x> L).
Based on previous research (2011), the relationship between “Accumulation of degradation”
and the mean of the carbonation depth of each building assuming the limit of 13 years is shown
in Fig.10 for the surveyed building shown in Table1. It can be seen that the average of the
carbonation depth of the building increases as “Accumulation of degradation” increases, and
there is a possibility that there is a certain relationship between the crack and the carbonation
suppression effect.
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Corbonation Depth(mm)

Table 5 shows list of the all surveyed buildings. Although these buildings are different
specification and subjected to different environmental conditions, design standard strength was
close to each other. Hence, “(1) Crack” and “(2) Carbonation depth” using the methods
described in chapter 2 were investigated. Fig. 11 shows relationship between “Accumulation of
degradation” and carbonation depth for each survey target. Although the correlation of Fig.11
was lower than that of Fig. 10, a certain degree of correlation was kept. Thus, there would be
correlation between the cracking and carbonation inhibitory effect of the multi-layer coating
material.
30

y = 3.29x + 3.57
R² = 0.87

25
20
15
10
5
0

0

5
10
Accumulation of degradation

15

Figure 10. Relation of Accumulation of degradation
and Carbonation depth.

Figure 9. Models of Accumulation of degradation.
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Year of
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Year of
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paint
(1)

paint
(2)

Year of
Survey

Design
Stren-
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gth
(N/mm2)

ries

Region

18

4

Ibaraki

2012
~
2016

18

4

Ibaraki

21

6

Ibaraki

21

10

Ibaraki

A

1978

2010

B

1979

2008

C

1979

2001

D

1979

1997

E

1967

1993

2015

18

2

Hyogo

F

1962

1992

2015

18

2

Ibaraki

G

1967

1992

2016

18

2

Shiga

H

1964

1981

2013

18

5

Tokyo
Saitama

I

1977

1995

2016

21

15

J

1978

2010

2013

2016

24

14

Tokyo

K

1977

2010

2015

24

14

Tokyo

L

1988

2015

unknown

6

Tokyo

Corbonation Depth(mm)

Table 5. Survey Buildings
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Figure 11. Relation of Accumulation of
degradation and Carbonation depth.

RC Buildings, Multi-layer Coating Material (E Type)

4 A proposal for Service Life
In Fig. 10, it would be clear that carbonation depth would be 0, if “Accumulation of degradation”
is 0. That means that the regression line should pass through the origin. At this that the
regression line passed a bit other point of the figure because the limit age of the coating
materials was assumed to be 13 years. Therefore, authors set the new limit years so that the
regression line approaches the origin. In the subject of this survey, the regression straight line
passed the origin when the limit age was 10 years. Fig. 12 shows the relationship between
“Accumulation of degradation” and the carbonation depth with the critical age of 10 years.
When the limit service life is assumed to be 10 years, the deterioration rate shown in Fig. 5 (the
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ratio of deterioration grade III) would be 16.0% with transition probabilities shown in Table 3.
It would be possible to consider the time when this deterioration rate is reached based on
carbonation of concrete.
As described above, the exterior coating materials can be used to minimize or control the
carbonation of concrete by repainting within a range that does not cause “Accumulation of
degradation” within 10 years. In this sense, it can be situated as a way of service life
consideration.
The relationship between age and “Accumulation of degradation” is shown in Fig. 13 by
Equation (2) for the survey target in Table 1.
In addition, the relationship between age and carbonation depth is shown in Fig. 14 by using
the approximate expression of the relationship between “Accumulation of degradation” when
the limit years as 10 years. On the other hands, if the cover thickness of reinforced concrete is
30 mm, this building will face to the end of life in 36 years unless it is repainted. Here, assuming
that the required service life of the building is 100 years and the repainting interval at which
carbonation does not reach 30 mm within 100 years, life cycle assessment of finishing coating
in terms of carbonation would be possible. Table6 shows the prediction of the carbonation
depth of buildings when the exterior coating materials are refurbished and the age reaches 100
years. It would be calculated that if the exterior coating material used in this building is
repainted every 22 years (Fig.15), carbonation does not reach the reinforcing bars within 100
years.

Building Age (years old)

Figure 15. Prediction of Carbonation depth.
(repaint interval 22years and 23years)

5 Summary
The findings obtained in this study are shown below.
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- Authors investigated four buildings that were close environmental condition, focusing on
cracking of multi-layer coating. As an overall trend, Cracking was confirmed that cracking
progressed with the passage of time since the renovation.
- Based on the survey results on cracks in multi-layer coating materials applied to reinforced
concrete buildings, authors presented a method for predicting crack degradation using a
Markov chain model.
- Authors showed a possibility that there was a correlation between the cracks and air
permeability of the coating materials by laboratory experiments and surveys of real buildings.
In addition, by considering along with the report that there was a correlation between surface
air permeability and carbonation rate coefficient of existing RC buildings, authors showed a
possibility that there was a correlation between the cracking and carbonation inhibitory
effect of the multi-layer coating materials.
- Authors proposed “Accumulation of degradation” considering the time and grade when the
crack exceeded a certain value. And Authors confirmed that there is a certain correlation
between the "Accumulation of degradation" and the carbonation depth of the buildings.
- By using the relationship between "Accumulation of degradation" and the carbonation
depth of the buildings, Authors suggested the service life for the coating materials to use the
buildings for the longest years and the required years.
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Abstract. A model building made out of concrete block specimens whose surfaces were coated with
various finishing materials was constructed for the outdoor exposure test. After 30 years of outdoor
exposure, the deterioration of finishes and their carbonation and corrosion inhibition effects were
investigated. As a result, the following conclusions were obtained: Though the deterioration levels
differed depending on their types and thickness, all finishing materials showed some kind of
deterioration after 30 years' long-term outdoor exposure. The progress of carbonation and corrosion
are prevented when the surface is coated with finishing materials of sufficient thickness or waterproof
effect. Regarding the relationship between corrosion depth and carbonation depth, corrosion is
initiated after the carbonation front reaches the area. It usually takes a while to initiate corrosion in
the carbonated area, not immediately after the carbonation reaction. When the concrete surface is
properly coated with finishing material, corrosion may not be initiated in non-carbonated area in
concrete where the pH level is not lowered.
Keywords: Finishing Materials, Outdoor Exposure, Carbonation, Corrosion.

1 Introduction
The durability of Reinforced concrete (RC) buildings are basically determined by the
presence or absence of steel corrosion. In order to prevent corrosion of steel in concrete,
degradation factors such as carbon dioxide (CO2) and chloride ions need to be prevented from
penetrating into concrete. In many RC buildings, finishes are applied to concrete surfaces,
which prevent the penetration of degradation factors. While many studies have been reported
on the preventive effects of finishing materials based on accelerated testing, little is based on
the long-term exposure to the outdoor conditions (Hasegawa et al., 2002, 2017).
In this study, a model building made out of concrete block specimens whose surfaces were
coated with various finishing materials was constructed for the outdoor exposure test. After
30 years of outdoor exposure, the deterioration of finishes and their carbonation and corrosion
inhibition effects were investigated.

doi:10.23967/dbmc.2020.059
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2 Experiment Overview
2.1 Outline of Specimens
Table 1 shows the materials used for concrete, and Table 2 shows the mix proportion and
properties. The water cement ratio (w/c) is 0.55 and 0.70, and unit water content was 176
kg/m3. To measure corrosion depth by the corrosion indicator method (Senbu et al., 1987),
iron particles were mixed to some concrete specimens before casting to make them serve as
corrosion indicators. Chloride ions were also premixed in some specimens of w/c ratio 0.70 at
the concentrations of 0.3, 0.6, and 1.2kg/m3 by dissolving NaCl in water to examine the effect
of chloride on concrete. The iron particles had diameters of 0.15 to less than 2.5 mm, used as
a partial replacement of fine aggregate at 20%. Concrete specimens of 100×100×400mm in
size, whose shapes were designed to be piled up to build the model building, were prepared
(Figure 1). After demolding, the specimens were cured in 20℃ water for 28 days, followed by
an atmospheric curing period of 42 days at 20℃, 60% R.H. Surface finishing materials were
then applied to the specimens.
Table 1. Materials.
Material
Cement
Fine aggregate
Coarse aggregate
Iron particle
Admixture

Mark
C
S
G
CI
Ad

Detail
Ordinary Portland cement, Gravity=3.16g/cm3
River sand, Specific gravity=2.60g/cm3
Gravel, Specific gravity=2.64g/cm3
0.15-2.5mm, Gravity=6.9g/cm3
Air entrained and reducing agent

Table 2. Mix proportion and properties.

A
B
C
D
E
F
G

W/C
(%)
55
70
55
70
70
70
70

s/a
(%)
44.5
47.5
44.5
47.5
47.5
47.5
47.5

W
176
176
176
176
176
176
176

Mass content (kg/m3)
C
S
G
CI
320 790 1000
251 871 977
320 632 1000 420
251 697 977 461
251 697 977 461
251 697 977 461
251 697 977 461

Cl0.3
0.6
1.2

Ad
(cc)
800.0
628.6
800.0
628.6
628.6
628.6
628.6

Slump
(cm)
18.5
18.5
15.5
15.5
15.5
16.0
15.5

Air
(%)
3.7
4.0
3.4
3.7
3.6
3.6
3.5

Finishing material
Epoxy

Splitting point
Measurement point
Finishing material

5

90

10

90

10
400

Front

90

10

90

5

10

80
100

Epoxy

Compressive strength
(N/mm2)
38.2
22.9
40.5
27.4
29.5
27.6
29.1

10

Mark

Inner side
1510

Outer side
1015
100

Side

Unit ： mm

Figure 1. A schematic illustration of the specimen and measuring point of carbonation and corrosion depth.
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Table 3 shows the types and amount of finishing materials used in this study. White color
finishes (finishing coatings and paint), which are commonly used for the surface coating of
RC buildings, were applied to the specimens, with a standard technique. A total of 7 types of
finishing materials including penetrant (impregnation) were used. Four different finishes were
applied to a 90×400mm surface of each one specimen, in the shapes of 90×100mm
rectangular (Figure 1). This made a pair of concrete block specimens covered with 7 types of
finishes including one surface area without a finish (fair-faced concrete). The specimens were
then coated with epoxy resin, except for the surfaces covered with finishing materials and
their opposite sides without finishes. The surface finishes were applied by experts.
Before the application of surface finishes, some specimens were subjected to accelerated
carbonation curing for 8 weeks under the conditions of 20℃, 60% R.H. and 5% CO2, to be
examined the iron corrosion in carbonated areas. The prepared specimens were used for
constructing the model building and were subjected to outdoor exposure test.
Table 3. Finishing materials.
Mark

Finishing material

a
b
c
d
e
f
g

Thin coating material E
Multi-layer coating material E
Acrylic resin enamel
Waterproof thin coating material E
Silane-type surface penetrants
Waterproof thin coating material E (Air permeability type)
Thick coating material E

Species and dosage (kg/m2)
Luster
Sealer
Main material Top coating
0.08
1.1 Spray
N
Water-based 0.08
2.35
Acrylic 0.22
Y
0.29
Y
Water-based 0.08
1.43
Y
0.20
1.52
Y
Water-based 0.08
3.65 Spray
N

2.2 Outline of Model Building
Figure 2 shows a photo of the model building. It was constructed on a premise of the Building
Research Institute (BRI) in Tsukuba City, Ibaraki Prefecture. The model building was
constructed with concrete specimens piled up in a boxy shape, whose outer surfaces were
coated with various types of finishing materials. It had a box-shaped metal roof inclined to the
north side. Inside of the building was sheltered from rain, and its room air temperature and
humidity were not controlled.

n
n

a
a
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B

b

c

d

e

b

c

d

e

C
n
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b
c
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n
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a
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n
a
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Figure 2. A photo of the model building.
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Figure 3. A layout of surface finishes.
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Figure 3 shows the layout of surface finishes. The specimens on the south side of the
model building were used for the study. From heights of 460mm above the ground, the
specimens were piled up in 12 layers. The gap between the top of the wall and the metal roof
was covered with plywood. A pair of concrete specimens with the same mix proportions were
placed horizontally next to each other. A total of 7 different finishes were applied to the pair
of specimens in the same layer. The capital letters in Figure 3 indicate the marks of concrete
specimens (Table 2), and the lower-case letters indicate the types of finishes applied to the
specimens (Table 3). The lower-case letter “n” indicates the specimens without finishes.
2.3 Test Methods
2.3.1

Evaluation of the surface finish deterioration

The deterioration of finishing materials was evaluated by peeling, cracking, dirt, and chalking.
It was graded by multiple experts, using a 6-degree scale from 0 (no deterioration) to 5
(severe deterioration).
2.3.2

Measurement of carbonation depth

As shown in Figure 1, the carbonation depth was measured by splitting a concrete specimen
evenly at the center of each finishing material, and then spraying 1% phenolphthalein solution
over a freshly exposed surface of the specimen. It was measured at two sets of three points,
each of inner and outer side of the model building.
2.3.3

Measurement of corrosion depth

Corrosion depth was measured by the corrosion indicator method. In this method, materials to
detect corrosion (iron particles) are mixed to concrete before casting so that the depth of rust
can be measured by splitting the hardened concrete specimens. Since the rusted iron particles
indicate a condition that may cause rust on reinforcing steel, the corrosion indicator method
enables us relatively easily to observe the variation of steel corrosion potential over time. The
corrosion depth was measured at the same points as those of the carbonation depth
measurement (Figure 1).

3 Results and Discussion
3.1 Deterioration of Finishing Materials
The finishing materials that are the type to form coating film on the surface, except silanetype surface penetrants (e), were evaluated for deterioration in Figure 4.
Acrylic resin enamel (c) shows the highest degree of peeling. One possible reason is that
there was a loss of adhesion between the paint and the surface it’s placed on due to long-term
outdoor exposure, because a paint finish such as acrylic resin enamel has a thickness from
several tens to hundred microns, while other ordinary finishes have thickness of 1-5 mm.
Multi-layer coating material E (b), acrylic resin enamel (c), waterproof thin coating
material E (d) and waterproof thin coating material E (air permeability type) (f) showed high
degrees of cracking. Though small in width (hairline crack), cracks in the specimens are often
caused by the degradation of resin contained in finishing materials due to ultraviolet ray.
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All finishes showed the deterioration degrees from 2 to 3, except that waterproof thin
coating material E (d) remained lower levels of dirt. The adhesion of dirt is affected by the
nature of surface finishing materials such as hydrophilicity, hydrophobicity, water
absorbability, and water repellency. The smoothness and fineness of surface finishing
materials are considered to be lost due to long-term outdoor exposure.
Multi-layer coating material E (b), acrylic resin enamel (c), waterproof thin coating
material E (d) and waterproof thin coating material E (air permeability type) (f) showed high
degree of chalking. Surface finishing material is usually a composite material containing
aggregates and admixture that add thickness to surface, coloring agent to add color, and
bonding material to bind them together. Degradation of bonding material and coloring agent
is one of the reasons that cause chalking, which refers to the formation of fine powder on the
surface of the paint film.
5
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Cracking

5
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4

4

3

3

3
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Degree

4
Degree

Degree

5

2

2

1

1

1

1

0

0

0

0

a

b

c

d

f

g

a

b

c

d

f

g

a

b

c

d

f

g

Figure 4. Deterioration degree of finishing materials.
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3.2 Carbonation Depth
Figure 5 shows the carbonation depth measured from the outer surfaces of the specimens with
different w/c ratios (A, B). The plain specimens without finishing materials (n) were
measured from both inner (nI) and outer (nO) surfaces. As a whole, the specimens with higher
w/c ratio showed deeper carbonation depth than those of lower w/c ratio. Regarding the plain
specimen (n), inner surface (nI) had deeper carbonation depth compared to that of outer
surface (nO). This is because the water content of outer surface was increased to some extent
due to rainfall, while inner surface tended to dry and were more likely to be carbonated.
Among the carbonation depths measured from outer surfaces, thin coating material E (a),
multi-layer coating material E (b), acrylic resin enamel (c), and waterproof thin coating
material E (d) showed smaller carbonation depths, while silane-type surface penetrants (e)
and waterproof thin coating material E (air permeability type) (f) showed deeper carbonation
depths, compared to that of the plain specimen (nO). Having water repellency and air
permeability, silane-type surface penetrants (e) and waterproof thin coating material E (air
permeability type) (f) prevented water penetration into concrete and allowed evaporation at
the same time. It can be assumed that these properties caused lower water content of concrete
and deeper carbonation depth than the plain specimens (nO). The graph also shows that thick
coating material E (g) with w/c of 0.55 had high carbonation inhibition effect, while that of
w/c 0.70 did not. The presumed cause is delamination of the surface layer occurred in w/c
0.70 specimen during outdoor exposure, which allowed carbon dioxide to diffuse more easily
from the surrounding environment.
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Assume the ratio of carbonation depth of a specimen covered with finishing material to
that of a plain specimen not covered with finishing material shows constant value. 𝑆𝑆�𝑡𝑡� is the
carbonation rate representing the carbonation inhibition effect, and can be expressed by the
following formula (1) (Nagase et al., 2007).
𝑆𝑆�𝑡𝑡� �

𝐶𝐶� �𝑡𝑡�
𝐶𝐶� �𝑡𝑡�

(1)

Here, 𝑆𝑆�𝑡𝑡� is carbonation rate at the time of exposure (time), 𝐶𝐶� �𝑡𝑡� and 𝐶𝐶� �𝑡𝑡� are carbonation
depth of concrete covered with and without finishing material, respectively (mm).

Figure 6 shows the carbonation rate of finishing materials at the age of 30 years applied to
the model building. Among them, multi-layer coating material E (b) and waterproof thin
coating material E (d) showed particularly low rates, suggesting they have high carbonation
inhibition effects. In addition, thick coating material E (g) would also have high carbonation
inhibition effect, if it demonstrated its potential efficacy.

25

2.0

w/c=0.55
w/c=0.70

Carbonation ratio (/nO)

Carbonation depth (mm)

30

20
15
10
5
0

nO a b c d e

f

g nI

Figure 5. Carbonation depth.

w/c=0.55
w/c=0.70

1.5
1.0
0.5
0.0

nO a b c d e

f

g nI

Figure 6. Carbonation rate.

3.3 Corrosion Depth
Figure 7 shows the corrosion depth measured from the outer surface (covered with finishing
materials) of the concrete specimens (C, D) in which iron particles were mixed before casting.
The plain specimens without finishing materials (n) were also measured from both inner (nI)
and outer (nO) surfaces. As with the carbonation depth, specimens with higher w/c ratio
showed deeper corrosion depth than those with lower w/c ratio. This indicates that higher w/c
ratio make reinforcing steel more prone to corrosion. The graph also shows that the plain
specimens (n) showed deeper corrosion depth, when measured from inner surface (nI) than
from outer surface (nO).
Comparing the corrosion depth measured from outer surfaces, multi-layer coating
material E (b), waterproof thin coating material E (d), and thick coating material E (g) had
a smaller depth of corrosion than that of plain specimen (nO). Multi-layer coating material E
(b) and waterproof thin coating material E (d) are considered to have relatively higher water
repellent effect than other finishing materials. Though carbon dioxide may have permeated
concrete from the delaminated surface, thick coating material E (g) is considered to have
been effective in preventing water penetration.
The pre-carbonated specimens tended to have deeper corrosion depth, which was
especially true for those with w/c 0.70. This indicates that reinforcing steel is more likely to
corrode in carbonated area.
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Figure 7. Corrosion depth.
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Figure 8 shows the relationship of the corrosion depth to the amount of chloride ions in the
specimens of w/c 0.70 (D, E, F, G), in which iron particles and chloride ions had been added
before casting. Again, the pre-carbonated specimens tended to have deeper corrosion depth
compared to those without pre-carbonation. However, the amount of chloride ions, including
its presence or absence, did not show significant effects on the corrosion depth.
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Figure 8. Relationship between corrosion depth and chloride ions.

3.4 Relation between Corrosion Depth and Carbonation Depth
Figure 9 shows the relationship between the corrosion depth and carbonation depth measured
from the outer surfaces of the concrete specimens (C, D) in which iron particles had been
mixed before casting. The depths measured at 3 points on each finishing material are plotted
on the graph. The progress of corrosion is preceded by that of carbonation. This suggests that
the corrosion is not initiated immediately after the carbonation front reaches reinforcing steel.
It can be assumed that when the concrete surface is properly coated by finishing material,
corrosion may not be initiated in non-carbonated area where the pH level is not lowered.
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Figure 9. Relationship between corrosion depth and carbonation depth.
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4 Conclusion
In this study, a model building made out of concrete block specimens whose surfaces were
coated with various finishing materials was constructed for the outdoor exposure test. After
30 years of outdoor exposure, the deterioration of the finishing materials and their carbonation
and corrosion inhibition effects were investigated. As a result, the following conclusions were
obtained.
- Though the deterioration levels differed depending on their types and thickness, all
finishing materials showed some kind of deterioration after 30 years' long-term
outdoor exposure.
- The progress of carbonation is prevented when the surface is coated with finishing
materials of sufficient thickness or waterproof effect. However, the carbonation
inhibition effect cannot be obtained when using air-permeable finishing materials or
there is a peeling finish on the surface.
- The progress of corrosion is prevented when the surface is coated with finishing
materials of sufficient thickness or waterproof effect.
- Regarding the relationship between corrosion depth and carbonation depth, corrosion
is initiated after the carbonation front reaches the area. It usually takes a while to
initiate corrosion in the carbonated area, not immediately after the carbonation
reaction.
- When the concrete surface is properly coated with finishing material, corrosion may
not be initiated in non-carbonated area in concrete where the pH level is not lowered.
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Abstract. Polyurethane composite coatings are frequently applied to strengthen the barrier properties
of various construction materials such as wood, metal and concrete. The changes of color and glossiness
of the composite coatings for building materials proceeds more slowly than that of polyurethane because
of containing fillers and several types of additives. However, the most critical barrier properties have
not been studied directly based on the difference from the degradation mechanism of polyurethane
coatings. Additionally, the difference in thermal and UV degradation mechanisms of coatings is not
clear in the existing studies dealing with conventional accelerated weathering tests and outdoor
exposure tests. Therefore, the behavior of the filler contained in the coatings was observed using an
oven to accelerate thermal degradation. The chemical analysis of the coating surface by XPS and the
analysis of the images and elemental mappings by SEM-EDS were carried out, and the mechanism of
degradation progress was investigated. In addition, the temperature dependency of the degradation was
studied in changing the heating temperature. It was suggested that polymer and fillers interact in
promoting mass transfer at the same time as the thermal degradation reaction consequently.
Keywords: Building Material, Coating, Filler, Polymer, Thermal Degradation.

1 Introduction
Building material products used for topcoat contain so many chemical materials and consist of
chemically complex systems. The products contain polyurethane, polyacrylic, modified
silicone, and hybrid polymers. Furthermore, their products contain plasticizers, additives, and
inorganic fillers in order to ensure performance and durability (Annamalai Pratheep Kumar et.
al. (2009), D.K. Chattopadhyay (2006), Ivan S. Stefanović et. al. (2019), Jun Liu et. al. (2017),
Li Bin (2014), M.Sabzi et. al. (2008) and S.M. Mirabedini (2013)).
In the present circumstances, the degradation process of coating materials containing
polymers and inorganic substances has not been discussed. Even manufacturing companies
have difficulty in elucidating their degradation mechanism, because such companies purchase
raw materials from other companies and mix them to make products in many cases. In addition,
there are few studies that separate thermal degradation from UV degradation through
accelerated weathering tests and outdoor exposure tests. Therefore, this paper examines thermal
degradation mechanism of coatings based on the result of the chemical analysis of the coating
surface by XPS and the analysis of the images and elemental mappings by SEM-EDS.
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2 Methods
2.1 Samples
In this study, both thermally-degraded and non thermally-degraded samples were prepared. The
Conventional two-component type urethane coating including TiO2, CaCO3, and BaSO4 as
fillers was coated on a slide glass with a spin coater to control film thickness. After the surfaces
of the samples were sufficiently dried, they were cured for 120 days at 20°C and 60% relative
humidity, and cut to 7mmX7mm for fitting measuring instruments.
Subsequently, the samples after cutting were heat-degraded at 30°C, 50°C, and 70°C. The
periods of the degradation are 0, 1, 3, and 7 days, and XPS measurement and SEM-EDS
measurement were conducted respectively. The features of the measurements are briefly shown
in Table 1.
2.2 XPS Measurement
X-ray photoelectron spectroscopy (XPS) was used to evaluate the chemical properties of
urethane resin coatings. This technique is applied to analyze the type, concentration, and
chemical state of elements on sample surfaces. Each sample is irradiated with an X-ray source
using Mg-Kα rays, and wide spectrums with a binding energy in the range of 10 to 1000 eV
and narrow spectrums around the peak of each detected element was obtained at a measurement
area of 1.0 mmX1.0mm. The shift of the peak due to charging is corrected by setting the C1s
spectrum to 284.0 eV, and correction using a neutralizing electron gun is not performed.
2.3 SEM-EDS Observation
A scanning electron microscope (SEM) equipped with an energy dispersive X-ray analyzer
(EDS) was applied due to analyze the elemental information of the cross section of the samples.
The samples were preliminary processed with a cross section polisher (CP) using argon ion
beam for cross sectional observation.
In addition, the surfaces of the samples were coated with Au by ion sputtering to avoid
thermal degradation of the samples.
Table 1. Survey contents in each method.

XPS

SEMEDS

Figure 1. Processing before sample observation.
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3 Results
3.1 XPS Scans
Figure 2 shows XPS narrow scan spectra of the urethane resin coatings that were thermally
degraded at 70°C for 0, 1, 3, and 7 days. The peak of O 1s, N 1s, and Si-O increased as thermal
degradation treatment continued. This result could be explained that the polymer such as
urethane and siloxane was decomposed and appeared on the surface layer of the coatings due
to low molecular weight and low density. On the other hand, the Ca peak was hardly detected
on the surface layer. This result indicates that the substance in the coating may move up and
down dramatically before the surface of the coating is cracked while the coating is thermally
degraded. The fillers such as CaCO3 originally floating on the surface of the coating film could
be sunk as the polymers were scattered and float by heat.
Figure 3 shows O spectra of the samples that were thermally degraded at 30°C and 50°C for
the same period. The graph shows that the peak increase on the 1st to 7th days at 30°C, however
at 50°C, it increases on the 1st and 3rd days and decreases on the 7th day. These tendencies
suggest the possibility of different thermal oxidation reactions on the coating surface, such as
increases in C—O and C═O bonds and a decrease in O due to the progress of C crosslinking.
Furthermore, each thermal oxidation reaction takes place at different times during the process
of thermal degradation.

Figure 2. Narrow scan spectra of the urethane resin coatings that were thermally degraded at 70°C.
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Figure 3. O spectra of the urethane resin coatings that were thermally degraded at 30°C and 50°C.

3.2 SEM Images
Figure 4 shows the film thickness history of each sample obtained from SEM image of the
sample thermally degraded for 0, 1, 3, and 7days, respectively, at 30°C, 50°C, and 70°C.
However, it should also be noted that samples exposed at 70°C and samples at 30°C or 50°C
are different in initial states. In the non thermally-degraded sample, the thickness of the coating
was approximately 60 mm. The thickness of coating gradually decreased due to heat
degradation at 70°C, and was 38 mm on 1st day, 18 mm on 3rd day, and 10 mm on 7th day. The
coating thickness decreased due to thermal decomposition and volatilization of components
such as plasticizers in the coating (Wei, X. (2019)). In contrast, at 30°C, the film thickness
increased slightly, and at 50°C, it appeared to decrease on the 7th day. The dimensional change
of the coating could be caused not only due to reduction of components in coating but also due
to changes of gel structure in cross-linking and scission (Petrović et. al. (2000) and Y. Nawab,
et. al. (2017)).

Figure 4. Changes in film thickness of each sample.

3.3 Elemental Mappings
Figure 5 shows the history of element mapping of Ti. Ti was homogeneous in the initial state,
increased at the bottom on the first day, and gradually increased on the surface over time by
heating at 50°C. On the first day, fillers move to the bottom of the coating as polymers become
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smaller and less dense due to thermal decomposition. From the third day, filler have been
pushed up from the bottom due to polymer cross-linking and polymerization reaction (Wei, X.,
et. al. (2019)).

Initial State

1 Day

3 Days

7 Days

Figure 5. Sectional elemental mapping of Ti in urethane composite coatings at 50°C.

4 Discussion
4.1 Temperature Dependence of Coating Durability
The coating thickness increased initially at lower temperatures and decreased at higher
temperatures, accompanied by the movement of the filler. Since fillers such as titanium dioxide
have a role to protect the coating from UV degradation, the durability of the construction
coating could vary greatly due to differences in temperature history.
4.2 Movement of the Filler
Why does the position of the inorganic filler in the coating fluctuate greatly due to thermal
degradation? The movements of each filler of CaCO3, TiO2, and BaSO4 were analyzed as
follows.
4.2.1

CaCO3

In elemental mapping, Ca is always homogeneous, whereas in XPS, the Ca peak increases and
decreases depending on the temperature. There was no significant movement of CaCO3
contained in the coating as a filler, and the XPS Ca peak changed due to a change in the state
of the surface layer of the coating. The decrease in the Ca peak at 70 ° C could indicate that the
surface layer became smoother and covered with polymer as the temperature of the coating
approached the glass transition temperature (L.S De Bernarde, et. al. (1984)).
4.2.2

TiO2 and BaSO4

XPS peaks of titanium and barium were not detected, however in elemental mapping by SEMEDS, there were dramatic movements in the coating as shown in Figure 5. Moreover, the
movement tendency of the position of the two elements is very similar and corresponds to the
movement of TiO2 and BaSO4 in the coating as fillers. These fillers could move shrinkage stress
due to polymerization, expansion stress due to heating, and stress due to movement of the
polymer having a low molecular weight. The positions of these fillers are inhomogeneous
unlike CaSO4, because the stress from the polymer may differ depending on the particle size
of the filler (Nabil Hayeemasae et. al. (2018)). However, understanding these mechanisms
require further studies.
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5 Conclusions
-

The position of the fillers contained in the organic composite coating are
inhomogeneous due to thermal degradation.
Polymerization, scission and cross-linking of the polymers can be accelerated by the
action of heat, which can affect the thickness of the coating.
The cross-sectional morphology of the coating changes depending on the temperature
of thermal degradation.
Changes in thickness and inhomogeneous distribution of materials due to thermal
degradation of architectural composite coatings could affect their barrier performance
because of the movements of the fillers and changes of the thickness.
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Abstract. In this paper, we discussed the concept for appropriate repair period for finishing materials
of reinforced concrete structures. We investigated the actual building repair cycle, the progress of
carbonation of concrete, and the adhesion strength of various finishing coating. In addition, we carried
out 10-years exposure test of concrete with various finishing to evaluate the progress of carbonation
and the degree of deterioration of the finish coating material. From these results, we showed the
possibility of extending beyond the current repair cycle.
Keywords: Concrete, Finishing Materials, Repair Cycle, Carbonation and Appearance Change.

1 Introduction
In order to use reinforced concrete buildings for a long term, it is necessary to regularly repair
finishing materials in addition to appropriate daily maintenance. Therefore, in Japan, it is
required to make a long-term repair plan for condominiums by law, and the repair plan is
designed and executed according to the guidelines1) issued by the Ministry of Land,
Infrastructure, Transport and Tourism. However, repair work, especially the recoating of
exterior finish materials, has a uniform repair cycle in any condominiums regardless of their
age, surrounding environment or type of finishing materials. Previous studies2)-4) pointed out
that deterioration speed is different in each material or environment. In other words, in the
current repair work may have problems such as deterioration in performance due to leaving the
deteriorated part or an increase in extra cost due to the repair of the healthy part. Therefore, in
order to efficiently repair work and reduce Life Cycle Cost, it is necessary to set an appropriate
repair cycle corresponding to the type of materials, environment and deterioration status.
In this study, we evaluated the current repair cycle by analysing the relationship between the
cycle and the deterioration state of existing RC condominiums. Then, we examine the idea of
an appropriate repair cycle in terms of performance by verifying the carbonation preventive
effects of the finishing materials using the specimen exposed outdoors for 10 years.

2 Materials and Method
2.1 Analysis of Current Repair Cycle and Deterioration State
In this study, we examined the actual status of finishing materials repair cycle and deterioration
states before repair in 222 condominiums around Tokyo, Japan. Based on the deterioration
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diagnosis report, we focused three deterioration index: carbonation of concrete and decrease in
adhesion strength of finishing materials and cracks, and examined the actual deterioration state
of exterior walls due to differences in factors affecting deterioration (especially age, repair
period and directions). For these deterioration phenomena, we calculated the average value,
maximum value and standard deviation for each building. In this report, we will report the
results of carbonation and adhesion strength.
 As shown in Table 1, we classified the finishing materials into three types: mastic, multilayer and single-layer coating, and further classified into eight types by kind of materials.
Table 1. The types of finishing materials and number of condominiums.

Type

Number

Mastic
(without substrate mortar)

53

Multi-layer coating

112

Single-layer coating
(with substrate mortar)

57

Materials type

Number

Cement
Acrylic
Acrylic
Acrylic Silicon
Silicon
Urethane
Unknown
Cement
Synthetic resin

39
14
41
6
8
10
47
50
7

2.2 Performance Evaluation of Various Finishing Materials Using Exposure Specimens
Table 2 shows the Factors and levels of the exposed specimens. The finishing material was
applied to the side of a concrete specimen having a water cement ratio of 65% and a size of
100 mm × 100 mm × 400 mm. We experimented six types of coating materials, three types of
mortar and three types of tile finishing at exposure test site in Building Research Institute,
Tsukuba, Ibaraki, Japan (N36°7’38”E140°4′39″, sea level +29m).
Exposure environment were three types, indoors, outdoors and outdoors under eaves. We
measured the carbonation depth and color difference of finishing materials. The color
difference (ΔE) was measured by L*a*b* color coordinates using a colorimeter, and
expressed by equation (1) as the difference from the indoor exposure test specimen that seems
to be less deteriorated.


E
( Lo  Li )2  (ao  ai )2  (bo  bi )2
(1)
where L is Lightness, a and b are Chromaticity indicating hue and saturation, Subscript o is
Measured value of outdoor exposure test specimen and Subscript i is Measured value of
indoor exposure test specimen.
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Table 2. Factors and levels of exposure specimens.

Factor
Exposure
environment

Level
Indoors, Outdoors (rain / no rain)
Directions (North, East, South and West)
Synthetic resin (Multi / single)
Coating
Waterproof synthetic resin (multi / single)
Gloss paint
Cement mortar t=10 / 20 mm
Mortar
Polymer cement mortar t=10 mm
Tile
Mortar t=2.0~3.0 / 10mm, Adhesive

Finishing material
type

3 Results and Analysis
3.1 Analysis of Current Repair Cycle and Deterioration State
3.1.1 Analysis of current repair cycle
Figure 1 shows the cycle and number of exterior walls repair carried out in 222 condominiums
that were analyzed in this study. The cycle was an average of 12 years, with a minimum of 9
years and a maximum of 17 years. More than 70% of the first repairs were done by the 12th
year. Most of the second repairs were carried out after the 12th year, and the cycle was longer
than the first repair. Among the targeted apartment houses, there were only a few them that over
30 years old and the third large-scale repair work was carried out.
Table 4 shows the results of comparing the average repair cycle for each finishing materials.
Looking at the types of finishing materials, the repair cycle of thin coating materials was slightly
longer. Among them, the single-layer coating had the longest cycle, and the silicon multi-layer
coating materials had the shortest cycle. However, although multi-layer coating generally has
high durability, repair cycle has almost no change regardless of the difference in finishing
materials. Accordingly, it indicates that the repair cycle was not set by the type of finishing
materials or the degree of deterioration. In other words, it was set by the uniform repair plan.

Frequency

Table 3. Repair cycle for each finishing materials.
9
8
7
6
5
4
3
2
1
0

First repair

8

9

Second

Third

10 11 12 13 14 15 16 17 18
Repair cycle (year)

Type

Cycle
(year)

Mastic

11.4

Multilayer

11.4

Singlelayer

12.5

Materials type

Cycle
(year)

Cement
Acrylic
Acrylic
Acrylic Silicon
Silicon
Urethane
Cement
Emulsion

11.3
12.0
11.3
11.3
10.5
12.5
12.3
13.0

Figure 1. Cycle and number of exterior repairs.
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3.1.2 Analysis of carbonation preventive effect in existing condominiums
The following equation can express carbonation coefficient:
A=

(2)

𝐶𝐶

√𝑡𝑡

where A is the carbonation coefficient (mm/years0.5); C is the carbonation depth(mm); t is
the time(years). In this study, we used this A as an index of performance against carbonation.
3.1.2.1 Relationship between carbonation and building age (repair cycle)

6

First

5

Second

10

Third

Carbonation coefficient
(mm/year0.5)

Carbonation coefficient
(mm/year0.5)

Figure 2 shows the carbonation coefficient for condominiums with different ages. Although it
shows a few relatively large numbers after approximately 10 years, most of numbers are less
than 1.50 after 20-30 years. Previous studies have revealed the relationship between carbonation
coefficient and compressive strength in unfinished concrete.5) Assuming that the carbonation
coefficient of targeted condominiums is estimated to be about 3.00 mm/years0.5. Therefore,
since the carbonation coefficient was kept low, the carbonation preventive effect has been
maintained by repair work for more than 30 years.
Figure 3 shows the carbonation coefficient for each time of repair work. The average
carbonation coefficient is about 0.5 to 1.0 mm/year0.5. On the other hand, the maximum value
for the first repair can be confirmed similar value to that of the unfinished concrete. However,
in both the second and third repair, the maximum value is significantly lower than the first
repair. This is an effect of recoating that the defective part at the time of construction such as
pinhole was repaired.

4
3
2
1
0

0

10
20
30
Condominiums age (year)

40

Figure 2. The carbonation speed coefficients
for different ages.

Ave.

8

Max.

6
4
2
0

First repair

Second
Repair time

Third

  Figure 3. The carbonation coefficients
for each repair time.

3.1.2.2 Relationship between carbonation and directions
Figure 4 shows the average of the carbonation speed coefficients for each orientation. The
norther and southern sides show slightly larger values than the eastern and western surfaces,
especially with thin coating materials. The southern surface has the highest amount of solar
radiation, so it is possible that it is more susceptible to UV degradation than other surfaces. In
addition, it is known that neutralization is more likely to proceed with dry concrete. In other
words, the southern side was in an environment where it was easy to carbonate due to the
prolonged dryness caused by solar radiation. According to this result, there is an orientation in
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which the deterioration of the finishing material tends to proceed. On the other hand, the reason
for the high numerical value on the north surface is unclear, so we analyzed further about
relationship between carbonation and orientation in the exposure test conducted in 3.2.
3.1.2.3 Relationship between adhesion strength and repair cycle
Figure 5 shows the average adhesion strength for repair cycle. Mastic and multi-layer adhesion
strength almost did not deteriorate. However, single-layer coating strength deteriorate, and
seem to decline below 0.3-0.5 N/mm2 that is established as quality standards of single-layer
coating in Japanese Industrial Standards6) after about 17 years. On the other hand, their strengths
were maintained above quality standards in JIS until around 15 years.

2

Mastic

Multi

Single

Average

7

Mastic

6

Average adhesion strength
(N/mm2)

Carbonation coefficients
(mm/year0.5)

3

Multi

Single

5
4
3

1

2
1

0

North

South

East

West

Figure 4. The carbonation coefficients
for each direction.

0

0

5

10
15
Repair cycle (year)

20

Figure 5. Adhesion strength
for each repair times.

3.2 Performance Evaluation of Various Finishing Materials Using Exposure Specimens
3.2.1 Carbonation preventive effect after 10 years of each finishing materials
Figure 6-8 shows the carbonation coefficients for each finishing materials in each environment
(left side) and each direction (right side). The carbonation coefficients of None finishing
concrete was 4.56 mm/years0.5 indoor, 1.95 mm/years0.5 outdoor with rain, and 5.00 mm/years0.5
outdoor under eaves. Therefore, we considered these values as each evaluation standard for the
carbonation preventive effect of the finishing materials.
In the case of outdoors with rain, the single-layer coating is 1.89 mm/years0.5, which is almost
same value as none finishing one. This is because the single-layer coating has almost no
carbonation suppressing effect, rather than due to deterioration. On the other hand, even with
the synthetic resin type materials, multi-layer coatings and waterproof ones had a certain
preventive effect. Similarly, even in the case of no rain, the single-layer coating shows a higher
value than other finishing materials.
In other materials, mortar 10 mm and tile on substrate 2.0-3.0 mm mortar showed relatively
high values outdoors without rain. However, the mortar 10 mm has low value outdoors with
rain. This is because the specimen outdoor with rain was supplied with water by rain. It caused
a high moist state in a specimen and the mortar became denser because the hydration reaction
of the cement progressed. Therefore, the high carbonation coefficient of 10 mm mortar outdoors
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without rain did not cause by deterioration.
Outdoors with rain, the carbonation preventive effect of most finishing materials was
maintained except for the single-layer coating, so they had no deterioration of performance for
coating materials, mortars and tiles by 10 years. From these results, it is possible to extend the
repair cycle because the current cycle is not at the limit of performance in about 12 years.
However, as the data for 10 years cannot mention how long we extend it, further exposure
testing is necessary. Moreover, since we handled only synthetic resin type in the coating
materials this time, we have to evaluate other coating materials.
Further, although the finishing materials are hardly deteriorated indoors, the tendency that
the carbonation of the thin coating E was high, and the others were low is the same in this case.
3.2.2 Relationship between carbonation and orientation
The high values on the northern and southern sides of thin coating material E was similar to the
survey results in 3.1. Especially on the northern side, it was much larger than the value of none
finishing concrete. On the other hand, other materials had the small variation in each orientation
and the deterioration has not been promoted by direction.
3.2.3 Analysis of color difference
Figure 9 shows the color difference of coating material specimens exposed outdoors. In an
environment with rain, the color difference is large overall, especially in the single-layer coating.
In general, the evaluation standards of color difference, people cannot identify color difference
when it is lower than 3.2, can recognize a color difference when it over 6.5 and can recognize
as a different color when it over 13.0. In these results, the single and multi-layer in an
environment with rain coating have deteriorated in design. On the other hand, all finishing
materials under eaves were lower than 13.0. However, because the carbonation of single-layer
coating progress in under eaves, the change in appearance did not necessarily match the
carbonation preventive effect depending on the type of finishing materials or environment. We
need to consider changes in appearance and carbonation preventive effects as separate factors.
Multi-layer
Single-layer
Waterproof multi
Waterproof single
Gloss paint
None finishing
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4 Conclusion
In this study, in order to examine the appropriate repair cycle of exterior finishing materials,
we investigated and analyzed the current repair cycle and deterioration state, and second we
evaluated the carbonation preventive effect of the finishing materials by using specimens
exposed for 10 years. As a result of the survey, the current repair cycle was about 12 years, but
since the carbonation preventive effect was sufficiently maintained at the time of repair, the
repair cycle may be longer than the current cycle in terms of performance. Furthermore, in the
exposed specimens, the single-layer coating had no carbonation preventive effect, but other
materials still have the carbonation preventive effects at 10 years, and almost no difference of
carbonation in each direction. In the previous study that conducted an outdoor exposure test for
20 years in model building7), the multi-layer coating had had the carbonation preventive effect
even after 20 years.
While the finishing materials had not reached their performance limit, repairs may be done
from an aesthetic point of view. In particular, appearance of coating materials in an environment
with rain relatively changed more than under eaves them after 10 years. Therefore, we need to
consider changes in appearance and carbonation preventive effects as separate factors. We will
continue the exposure test for more long term to confirm the performance (the carbonation
preventive effect, deterioration of coating itself and aesthetics) of each material at various
environment.
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Abstract. External Thermal Insulation Composite Systems (ETICS) contribute significantly to building
energy efficiency by increasing thermal insulation, correcting thermal bridges and reducing interior
water condensation. Additionally, these solutions protect the structure and thus enhance the durability
of the building. The use of ETICS remarkably increased in the last three decades also due to the
introduction of new international and national regulations on building energy efficiency (e.g. EU
Directive on the Energy Performance of Buildings). ETICS are constantly exposed to weathering (e.g.
wind, rain, sun light) and anthropic factors (e.g. graffiti, environmental pollutants), which can lead to
cracks, biocolonization and stains and thus affect ETICS durability. However, international technical
documents on the evaluation of the effectiveness and durability of ETICS do not consider the possible
synergies between these factors, which can trigger and speed up multiple biological, mechanical and
chemical degradation processes. With the aim of filling this gap, this paper focused on the water
resistance and surface properties of several ETICS surface coatings, verifying possible connections
between these factors. The moisture transport properties (capillary water absorption, water vapour
permeability, and drying kinetics) and surface properties (colour, brightness and roughness) of some
commercially available ETICS were tested. This study is part of a wider research project
(WGB_Shield: resistance for water, graffiti and biocolonization of external thermal insulation systems)
that aims at the development of ETICS with improved durability in urban environment.
Keywords: ETICS, Durability, Water Behaviour, Surface Properties.

1 Introduction
The implementation of long-term building renovation strategies is a key challenge in modern society.
As a matter of fact, 40% of energy in EU is used for buildings (producing 36% of total CO2 emission)
and 2/3 of this energy consumption is used for heating and cooling. For these reasons, EU has set new
rules also for energy efficiency, both in new and retrofitted buildings, with the objective of achieving a
nearly zero energy built environment by 2050 (EPBD 2010).
In this context, External Thermal Insulation Composite Systems (ETICS), sometimes also
identified as External Wall Insulation (EWI, in UK) or Exterior insulation finishing system (EIFS, in
the US), can significantly improve the thermal performance and energetic efficiency of buildings. In
fact, these systems can improve thermal insulation, reduce thermal bridges and avoid water
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condensation within masonry. Additionally, these systems can increase occupants’ health and
wellbeing, by improved air quality, and thermal comfort (Barreira and P. de Freitas, 2013).
Hence, ETICS have been established in the last three decades among the most used solution to
improve the energy efficiency of buildings, with a wide variety of system configurations and design. It
is estimated that more than 2 billion m2 have already been installed in Europe (Pasker, 2017).
These systems are generally composed of a variety of materials, which include insulation materials
(Schiavoni et al., 2016), basecoats with mineral binders (e.g. air or hydraulic lime, cement), finishing
coatings (e.g. silicate, acrylates, siloxanes and additives (e.g. aggregates, pigments, biocides). The
compatibility among these components is a crucial factor to achieve an efficient and durable system.
According to the European Technical Approval Guideline (ETAG 004), which gather the technical
approval requirements of ETICS in the EU zone, service life of ETICS should be over 25 years. It is
thus necessary to plan a careful maintenance of these systems.
As a matter of fact, ETICS are constantly exposed to weathering agents (e.g. wind, rain, sun light,
etc.) as well as to direct (e.g. vandalism) and indirect (e.g. environmental pollutants) anthropic factors.
These factors have often a synergic effect on the affected surface, triggering and speeding up multiple
biological, mechanical and chemical degradation processes.
Degradation patterns are typically identified in the alteration of the physical-chemical, aesthetical
and mechanical properties of ETICS, with formation of e.g. cracks and stains.
In this paper, the moisture transport properties (water capillary absorption, drying kinetics, water
vapour permeability) and superficial properties (colour, brightness, surface roughness) of several
commercially available ETICS were studied. The main aim was the identification of the possible
connection between these properties and, ultimately, a deeper comprehension of the dynamics behind
the durability of ETICS surface coatings in urban environment.

2 Materials and Methods
2.1

Materials

Several ETICS were analysed, as resumed in Table 1. It has to be pointed out that 3 different
ETICS producers were considered (systems 1 to 3; systems 4 to 8; systems 9 to
12). Specimens with 15x15 cm were considered for the absorption and drying kinetics,
whereas cylindrical specimens (8 cm diameter) were used for the water vapour permeability
test. Specimens 5x5 cm were used for the evaluation of the surface properties (colour,
brightness, roughness). The specimens have thickness varying between 3.9 and 6.5 cm.
2.2 Methods
2.2.1 Absorption and drying kinetics
Capillary absorption tests were performed according to ETAG 004 (EOTA, 2013) in a
conditioned room (at T=23 ± 2ºC and 65 ± 5% RH). A total of four cycles (with
measurements at 3 min, 1h, 4h, 8h and 24h) of capillary absorption were conducted. Capillary
water absorption coefficient was obtained by the slope of the initial phase of the curve that
expresses the water absorption as a function of the square root of time.
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Table 1. ETICS identification and composition (EPS = Expanded polystyrene; ICB: Insulation cork Board;
MW = Mineral wool).

Drying test was performed following the recommendations of EN 16322 (2013) and started
immediately after the capillarity test. The test was performed in a conditioned room (23 ± 2ºC
and 65 ± 5% RH). Specimens were weighted after determined periods of time until the
variation of mass was constant for all specimens. Two drying phases were determined: DR1 –
the first drying phase, obtained by the negative slope of the initial linear section of the drying
curve plotted with time in abscissa; and DR2 – the second drying phase, calculated by the
negative slope of the linear section of the drying curve, plotted against the square root of time in
abscissa. Drying index (DI) was obtained by Equation (1), in which Mx is the mass of the
specimen registered during the drying process (g), M1 is the mass of the specimen in a dry state
(g), M3 is the mass of the specimen in a saturated state (this mass corresponds to the mass at
the beginning of the drying process (t0), tf is the time at the end of the drying process.

2.2.2 Water vapour permeability
Water vapour permeability (WVP) tests were performed according to ETAG 004 (EOTA,
2013), adopting the dry cup method, i.e. sealing the lateral and bottom side of ETICS
specimens within a recipient which contains a dryer substance (CaCl2) than the external

193

Giovanni Borsoi, João Luís Parracha, Pedro Caiado, Inês Flores-Colen, Amélia Dionísio and Rosário Veiga

conditions. The lateral sides are sealed with paraffin, whereas the superficial finishing of the
ETICS is exposed to the external environment. The cup is filled with a dessicant (CaCl2),
which keeps the relative humidity (RH) inside the cup fixed at ≈20%. All specimens are then
stored within a climatic chamber at T=23 ± 2ºC and 50 ± 5% RH. Hence, water vapour is
forced from the external environment (50% RH) to the interior of the cup (≈20% RH), fluxing
through the layers of the ETICS. Specimens were weighted over time, till stabilization of the
specimens’ weights. The change in the mass of the cup’s content is used to quantify the water
vapour permeability of the ETICS.
Based on the obtained results, the following parameters can be obtained by using the
following equations:

where Ʌ is the water vapour permeance (kg/m2.s.Pa), which defines the Wvp; m is the slope of

the linear relation between mass variation and time (kg/s), A the specimen area, ∆p is the
vapour pressure difference between the exterior and interior (Pa), referred to the thickness of
the specimen (m), µ the water vapour diffusion resistance factor, Sd the diffusion-equivalent
air-layer thickness (m).
Furthermore, the thermal insulation and complete systems (as in Table 1) were tested
separately, in order to verify the requirements of the ETAG004 (EOTA, 2013). In fact, the
WVP of the complete system (base and finishing coat) was analysed with the diffusionequivalent air-layer thickness (Sd), whereas the WVP of the thermal insulation with the water
vapour diffusion resistance factor (µ).
2.2.3 Colour and brightness
Colour was assessed with a colorimeter Minolta CR-410 Chroma Meter, by measuring the
three colour coordinates (L*, a*, b*) of the CieLAB colour system. L* is the the lightness,
which varies from 0 (black) to 100 (white), whereas a* and b* identify the colour, i.e. the
chromatic coordinates of red-greed (+a* refers to red, –a* to green) and yellow-blue ((+b*
refers to yellow, –b* to blue). The chroma or colour saturation is calculated based on the
values of a* and b*:

The total colour difference (∆E*), which takes into account the differences between the L,
a, b of the specimens and a standard/reference specimen, can be calculated as follows:

Each specimen was analysed in 4 different spots, using a standard illuminant D65 (which
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corresponds to average daylight, including Uv wavelength region, with a correlated colour
temperature of 6504K). The colorimeter was set to measure 3 repeated times in each spot. The
relative average values and standard deviations were considered.
Brightness test was performed according to ASTM D6578 (ASTM, 1987). A Rhopoint
Novo- Gloss Lite equipment was used, measuring the brightness with a light source angle of
60º (suitable for matte specimens). The brightness (Gloss Unit – GU) was tested in 9 different
spots in each specimen, considering the average value and relative standard deviation.
2.2.4 Surface roughness
An Elcometer 223digital surface profile gauge was used to measure the peak-to-valley height
(surface roughness) of the specimens. This equipment can measure up to 2mm, with a
resolution of 0,001 mm. Surface roughness was tested in 9 different spots in each specimen,
considering the average value and relative standard deviation.

3 Results and Discussion
3.1 Capillary Absorption and Drying Tests
Results obtained for capillary absorption and drying kinetics are presented in Figure 1 and
Table 2. It can be observed that the systems 4 and 5, from the same producers and both with
ICB, have the higher capillary absorption values at 1h, as well as the higher capillarity
coefficient (Table 2). However, those values are < 1kg/m2, thus meeting the requirements of
ETAG 004 for the technical approval of ETICS. Systems 7 and 8, which present the same
cement-based base coat, present the higher capillary absorption at 24h (respectively, 1.36 and
1.46 kg/m2). On the other hand, system 2 have the slower capillary absorption at 24h (0.24
kg/m2). This latter system, similarly to systems 1, 3, 9 and 11, has capillary absorption < 0,5
kg/m2, and, thus, according to ETAG 004, those systems are resistant to freeze-thaw cycles. It
has to be pointed out that system 9, which presents a ICB thermal insulation, a base coat with
NHL and cork aggregate and a silicate-based finishing coat, has lower capillary absorption
values, when compared to system 10, which differs only for its acrylic-based finishing coat.
This confirms that this silicate-based finishing coat has lower capillary absorption, when
compared to the referred acrylic-based finishing coat.
Additionally, if comparing systems 2 and 3, which have the same base coat, it can be
concluded that the combination of an acrylic-based and co-polymeric acrylic finishing coat
(system 2) plays an important role in the reduction of the water absorption, which is
considerably lower (44%) compared to system 3, which has only one layer of finishing coat.
Finally, it can be observed a significant difference between the capillary coefficient of
systems 6 and 8, which differ only for their thermal insulation material (EPS and MW,
respectively), as well as for systems 11 and 12, which again differ only for their thermal
insulation materials (EPS and MW).
This can indicate that liquid water reaches the insulation layer and that there is an influence
of the thermal insulation material on the capillary absorption, i.e. a higher and faster
absorption of MW, when compared to EPS.
When observing drying kinetics, it can be noted that system 7 has the highest DR1 (which
corresponds to water transport in the liquid phase), DR2 (which corresponds to water vapour
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(a)

(b)

Figure 1. Capillary absorption (a) and drying curves (b) of the ETICS specimens.

diffusion) and drying index (0.94). Similar trends were observed for systems 4, 5, 6 and 8 (all
from the same producers), which are also the systems with higher capillary absorption values.
Conversely, ETICS 1, 2, 3 and 11 have the highest DR1 and DR2. It can be concluded that,
generally, the systems that absorbed more water by capillarity, are those with faster drying,
which allows for some compensation and a possible adequate global behaviour.
3.2 Water Vapour Permeability
Results are presented in Table 2. The highest values of water vapour diffusion resistance
were registered for ETICS 1 (65.75) and 2 (65.22), followed by systems and 11 (48.94) and 3
(44.27). As a matter of a fact, these systems were those with lower capillary absorption and
lower water transport in the liquid phase (DR1).
Conversely, systems 4, 5 and 8, those with higher capillary absorption, present lower
values of water vapour diffusion resistance, with higher WVP and thus faster drying. A
different trend was observed for systems 6 and 7, which have both a higher water vapour
diffusion resistance and water absorption when compared to ETICS 8. This behaviour can
hinder a suitable drying of this system.
However, when verifying the diffusion-equivalent air-layer thickness of the base and
finishing coat of the systems (by subtracting the Sd of the whole system to that of the thermal
insulation), these values are < 2m in all cases. Thus, all systems are in agreement with the
requirements of the ETAG 004, which define Sd values limits of 2 m for EPS systems
(specimens 1,2,3,6,7,11) and 1m for MW systems (specimens 8,12).
3.3 Colour and Brightness
Results presented in Figure 2 indicate a low chroma for all systems (minimum L* at 71.71,
for ETICS 5), with shades of grey and a tendency to yellow (positive b* values). More
specifically, systems 8 and 12, those with MW thermal insulation, have the higher b* values.
In all systems, the a* values are close to zero, i.e. to an ideal white colour.
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Table 2. Capillary water absorption, drying and water vapour permeability test results.

When comparing the different systems, it can be noted that ETICS 1 and 3 have similar
chroma, even if system 1 is closer to an ideal white (lower C*). On the other hand, system 2
have higher L* and lower C*, being thus slightly brighter and more whitish than systems 1
and 3. Those systems are the only ones with –a* values (green component).

Figure 2. Comparison of the CieLAB values of the different ETICS.

When comparing systems 4 and 5, from the same producers and with the same thermal
insulation (ICB), it can be noted a difference in L* and C*, attributed to the difference in their
finishing coating (lime-based and acrylic-based, respectively). Systems 6 to 8, although with
different compositions, have similar chromatic coordinates. ETICS 10 to 12 (from the same
producers, and with the same acrylic-based finishing coat) have similar colour, although
system 10 has lower chroma, which might be related to the use of ICB as thermal insulation. On
the other hand, system 9 (finished with a silicate- based coating), has even higher L* and lower
C*, being thus more close to an ideal white colour.
When considering brightness, it can be noted that those values are in agreement with colour
values. In fact, systems 1 and 2 have similar brightness, whereas ETICS 3 (with co-polymeric
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acrylic finishing coat) has significantly lower values, when compared to 1 and 2 (both with
100% acrylic- based finishing coat). Systems 6 to 8 have similar GU values, whereas ETICS 5
(which differs for its ICB thermal insulation, when compared to systems 6 to 8) have lower
values. Conversely, system 4, finished with a (aerial and hydraulic) lime-based mortar, has
brightness value which doubles that of system 5. Ultimately, systems 10 to 13 have similar
brightness values, however, system 10 slightly differs from these systems, possibly due to its
ICB thermal insulation. In agreement with colour values (Figure 2), system 9, is the only
system with a silicate-based finishing coat, that has a considerably higher values when
compared to systems 10 to 12 (all with acrylic-based finishing).

Figure 3. Brightness (average value and standard deviation) of the ETICS specimens.

Figure 4. Surface roughness (average value and standard deviation) of the ETICS specimens.

3.4

Surface Roughness

Results show that systems 1, 4 and 9 (one for each producer) present the lower roughness
values (467 µm to 580 µm) (Figure 4). When comparing systems 1 to 3, from the same
producers, it can be noted that systems 2 and 3 have higher values, when compared to ETICS
1, due to the use of a coarser (co- polymeric-based) finishing coat. Systems 5 to 7, although
with different compositions, have similar roughness values, whereas system 8 (with MW
thermal insulation) have slightly higher (15%) values. The significant lower values of ETICS 4
can be attributed to the use of a thin lime-based layer as finishing coat, when compared to the
systems 5 to 8 (784 µm to 978 µm), which present coarser mineral aggregates in their
finishing coat. Ultimately, systems 10 to 12, which have the same acrylic- based finishing coat,
have similar roughness (874 µm to 1035 µm), with slightly lower values in system 12. On the
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other hand, ETICS 9, which is finished with a silicate-based coat, has remarkably lower
surface roughness, comparable to that of systems 1 and 4.
When comparing the moisture transport properties and roughness of the 3 different
producers, it is worth highlighting that systems 1 to 3, with relatively low roughness (0,575
µm 0,761 µm), have also low water capillary absorption. Conversely, ETICS 5 to 8 have
slightly higher roughness (0,704 µm to 0,978 µm) and significantly higher water capillary
absorption. A trend similar to the latter systems is observed with ETICS 10 and 12.
Interestingly Systems 4 show both low roughness and capillary absorption, whereas systems
11 have low roughness and considerably high water absorption (and drying rate). This can be
explained again by the composition of these systems (lime-based finishing for ETICS 4,
silicate-based coating for ETICS 9).

4

Conclusions

The aim of this paper is the evaluation of the moisture transport properties and surface
properties of commercially available external thermal insulation composite systems (ETICS).
Results showed that all systems respected the hygric requirements of ETAG for the
technical approval of ETICS, i.e. all have capillary absorption lower than 1kg/m2 at 1h and a
suitable water vapour permeability (diffusion-equivalent air-layer thickness < 2m). It was
observed that, generally, systems that absorb more water are those that have higher dry rates
and higher water vapour permeability (as in the case of systems 4 to 8, from the same
producer).Conversely, systems 1 to 3 (again, from the same producers) show an opposite
behaviour. Furthermore, it can be concluded that the system with silicate-based finishing coat
(system 9) has lower absorption and faster drying (however, slightly higher WVP) when
compared to other systems (10 to 12) from the same producer. In general, an influence of the
thermal insulation on moisture transport properties of the systems can be observed only in
systems 11 (EPS) and 12 (MW), i.e. a higher capillary absorption, faster drying and higher
WVP of the system with MW, when compared to that with EPS. Moreover, a significant
difference in the moisture transport properties is given mostly by the composition of the
finishing render (base and finishing coats), rather than the surface properties (e.g. roughness).
When observing results of the optical surface tests, it can be seen that the systems with
acrylate- based finishing coat are generally less whitish and less bright, when compared to
systems finished with silicate-based (ETICS 9) or lime-based (ETICS 4) systems.
Ultimately, it was observed that systems 1, 4 and 9 (one of each producer), the ones with
the highest colour and brightness values, have also the lowest roughness values. The higher
values of the other systems are attributed to the addition of mineral loads (aggregate) in the
finishing coat.
It should be noted that all systems were tested in ideal conditions (no exposure to external
weathering). For this reason, further tests are ongoing to assess the moisture transport
properties and surface properties of ETICS before and after natural and artificial aging.
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Abstract. A gap in the durability assessment of thermal mortars applied in multi-layer systems was
observed. The existing standardisation for the durability assessment of hardened mortars does not
include a consistent evaluation of thermal coatings applied in multilayer systems, which motivated the
development of a new durability assessment methodology. The determination of the physical,
hygrothermal and mechanical properties allowed deepening the knowledge of thermal mortars,
contributing to develop more reliable simulations. The existing durability methodologies applicable to
one-coat mortars and those applicable to thermal multilayer systems (such as ETICS – External
Thermal Insulation Composite Systems) are suitable to be adapted to thermal rendering and plastering
systems since they present some similar characteristics. The methodology takes into account the
material characteristics and specific requirements, such as the application and climatic conditions. The
knowledge of these parameters allows the definition of representative accelerated ageing cycles of the
relevant degradation mechanisms. The combination of existing procedures with hygrothermal
simulation allowed the development of accelerated ageing cycles, taking into account the European
climatic context. The existing procedures allowed analysing several degradation mechanisms, but the
fixed parameters are not transversal to different climates. The developed methodology allows a realistic
durability evaluation since the ageing cycles are adapted to thermal mortars and real climate
conditions, contrary to the existing standardised procedures.
Keywords: Thermal Mortars, Durability, Accelerated Ageing, Experimental Tests, Methodology.

1 Introduction
One of the seven objectives defined by the European Mortar Industry Organization (EMO) is
to "raise awareness for sustainability", emphasizing the ecology of mineral mortars and the need
to promote the advantages of using this type of products, their durability and lack of hazardous
substances in comparison with other materials on the market (EMO, 2013). However, the
concept of eco-design should relate to not only the environmental ecology issue but also the
quality of life of the users of such products or services. According to Erhorn, Hansen, Kaan,
and Barker (2007), eco-buildings can reduce energy consumption and enhance the use of
renewable energies, bio-climatically designed. This reduction could be achieved taking into
account sun exposure, architectural requirements, increase of the thermal insulation and
tightness of the building, throughout new products, constructive solutions and viable
technologies.
The use of thermal mortars in multi-layer façade systems influences several aspects of the
sustainability of buildings as the fulfilment of several basic principles stated above. As such,
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the continuous interest in the development of sustainable solutions with thermal enhanced
properties, incorporating different types of wastes (industrial or plant origin), allows the
development of new solutions with less harmful impact to environment than traditional
construction materials (Matias, Faria, and Torres, 2014; Skoczylas and Rucińska, 2018; Torres
and Matias, 2016). To improve the thermal behaviour of buildings, different products
incorporating lightweight aggregates with low density and thermal conductivity have appeared
on the market. Thermal renders and plasters continue to awaken the interest of the researchers
(Borges, Flores-Colen, and de Brito, 2018; Nosrati and Berardi, 2018; Soares, de Fátima Júlio,
Flores-Colen, Ilharco, and Brito, 2018; Westgate, Paine, and Ball, 2018).
Thermal mortars applied in multi-layer systems frequently have at least two different layers:
thermal mortar and finishing coating. Thermal mortars are addressed in EN 998-1 (CEN, 2010),
which refers to EN 1015-21 for durability test methods in mortars (CEN, 2002). However, this
standard is only applicable to one-coat renders, not taking into account the different material
layers (i.e. the system as a whole). The durability assessment methodologies preconized in the
ETAG 004 (EOTA, 2013), are directly applied to ETICS. Consequently, the existing
procedures, such as the ones provided by EN 1015-21 and ETAG 004, do not allow a feasible
durability assessment of thermal rendering and plastering systems (see Figure 1).
Durability assessment of
thermal wall systems

Single layer
(EN 998-1)

Multilayer system
(ETAG 004)

Freeze-thawing

Aw ≥ 0.5 kg/m2 (reinforced base coat)

Non-standardized
assessment

Aw ≤ 0.5 kg/m2 (reinforced base coat)
Aw ≥ 0.5 kg/m2 (rendering system)

Development of

• Hygrothermal cycles
• Freeze-thawing

Thermal rendering/
plastering systems

One-coat render
Ageing according to:
EN 1015-21

Exterior render
(excluding one-coat)
Ageing according to:
Expected local conditions

• Hygrothermal cycles
• Freeze-thawing

Aw < 0.5 kg/m2 (reinforced base coat)
Aw < 0.5 kg/m2 (rendering system)

durability
assessment
methodologies

• Hygrothermal cycles

Figure 1. Framework of existing durability assessment methodologies, applicable to renders and thermal
multilayer systems.

In order to obtain more durable building envelopes, the durability assessment should focus
on the required performance, especially the climatic conditions (Pedro Júlio, Paiva, and
Dominguez, 2013). Since construction materials are subjected to several degradation agents,
which promote different degradation levels, their selection presents an important role in the
durability of the system (ABCB, 2006; Gaspar and Brito, 2008). In that way, the objective of
this paper consists of presenting an integrated proposal of a new durability assessment
methodology applicable to thermal mortars in multilayer systems.
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2 A New Durability Assessment Methodology – Methodological Process
Being the EN 1015-21 and ETAG 004 methodologies applicable to renders and thermal
multilayer systems (ETICS), they may be adapted to thermal rendering and plastering systems,
since they present some similar characteristics. This adaptation could give reliable data and
inputs to the development of durability assessment methodologies directly applicable to thermal
rendering and plastering systems. As such, a methodological process for the durability
assessment of the systems in study was developed, as explained in Figure 2.
Evaluation and adaptation of existing
durability methodologies to thermal
rendering/plastering systems

Existing
data

Development of a new hygrothermal
ageing cycle

Hygrothermal
simulation

Implementation of the new
hygrothermal ageing cycle

Proposal of durability assessment
methodologies applicable to thermal
rendering/plastering systems

Figure 2. Methodological process for the durability assessment of thermal rendering/plastering systems.

The methodology combines several stages, being the first one the evaluation and adaptation
of the referred existing methodologies (EN 1015-21 and ETAG 004). The analysis of existing
ageing procedures combined with hygrothermal simulation and existing data resulted in the
development of a new hygrothermal accelerated ageing cycle. The development of the
hygrothermal cycle focus the South European climate context, using a representative
Portuguese climate of the most severe conditions, in terms of temperature fluctuation. After the
implementation of the new hygrothermal ageing cycle, it was possible extrapolating this
methodology to the development of a theoretical algorithm. The developed algorithm is capable
of defining accelerated heat-cold ageing cycles representative of several European climates
(Maia, Ramos, and Veiga, 2019).

3 Durability Assessment of Thermal Mortars – Experimental Methodology
Figure 3 presents the adopted experimental methodology to evaluate the durability assessment
of thermal rendering and plastering systems. The first step consists in the adaptation of existing
methodologies, such as the envisaged in EN 1015-21 and ETAG 004, using small-scale
specimens. The EN 1015-21 methodology includes heating-freezing and humidificationfreezing ageing cycles and the ETAG 004 freeze-thawing cycles. The evaluation of the existing
procedures allowed understanding the gaps, disadvantages and advantages of implementing
such methodologies to thermal rendering and plastering systems. The second step consists in
the implementation of a new accelerated ageing hygrothermal cycle adapted to thermal
rendering systems, through hygrothermal simulation and previous knowledge of the existing
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methodologies. Being the location where the system is intended to be applied, one of the main
aspects to take into consideration in the durability assessment, the wide range of existing
climates should be considered (Juaristi, Gómez-Acebo, and Monge-Barrio, 2018; Perino and
Serra, 2015). In the present work, the European climatic context, which combines very different
conditions, was analysed. Köppen-Geiger climate classification is one of the most used and
well-known and classifies according to the main climate, precipitation and temperature (Kottek,
Grieser, Beck, Rudolf, and Rubel, 2006). Focusing on the European context, the EOTA (1999)
Guidance Document classifies the climatic zones according to the air temperature and the solar
energy intensity. Analysing different European climates, a tendency from the lower to the
higher latitudes was observed, being more representative of zones C to A, respectively. In that
way, freeze-thaw may have a more relevant impact in northern climates, while thermal shock,
originated by the incidence of cold rain in warm surfaces, in southern climates. In terms of
internal environment, EOTA (1999) groups four sub-divisions, due to specific conditions to
which the buildings are subjected: a) Temperature: heating, non-heating, refrigerating, localised
radiation, etc.; b) Humidity: dry or wet conditions; c) Liquid water: permanently wet (e.g.
bathrooms); and d) Chemicals: cleaning, cooking and special conditions in laboratories,
hospitals, etc.. Figure 4 summarises the different stages of the durability assessment
methodology and the sequencing between them.
Durability experimental
methodology

1st Step

2nd Step

Small-scale specimens

Real-scale specimens (Wall/rig)

EN 1015-21

New hygrothermal
accelerated ageing cycle

ETAG 004

Figure 3. Durability experimental methodology.
Identification of the relevant intrinsic
properties of thermal
rendering/plastering system materials

Interior

Application

Exterior

Interior
conditions

Intended climate/environment
conditions

Climatic
zones

Definition of the main degradation
mechanisms
Definition of the most representative
accelerated ageing cycles
Durability tests

Figure 4. Durability assessment methodology.
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4 An Integrated Durability Assessment Methodology Applicable to
Thermal Mortars in Multi-layer Systems
4.1 General Methodology
The development of methodologies that reproduce the most relevant degradation mechanisms
in thermal rendering and plastering systems were performed. According to the requirements
applicable to thermal mortars and considering their relevant properties, a methodology
regarding the application of the thermal mortars in multi-layer systems is presented in Figure
5. The knowledge of the physical and hygrothermal behaviour of the referred systems is based
on the work developed in Maia, Ramos, and Veiga (2018).
Thermal rendering and
plastering systems

Capillary aborption test:

Interior

- Thermal mortar

application

Thermal mortar:

Yes

ρ < 600 (kg/m3) and

No

λ ≤ 0.2 (W/m.ºC)

- Finishing mortar

The material is not
a thermal mortar

Yes

Soluble in water/
High degradation in contact
with water

Yes

Thermal mortar: Aw ≤ 0.4
Finishing mortar: Aw ≤ 0.2

No

Interior
application

(kg/m 2.min0.5 )

No

Exterior

application

Figure 5. Methodology of application of thermal rendering and plastering systems.

4.2 Durability Assessment Methodology Applicable to Thermal Plastering Systems
Despite the little development of the durability assessment of thermal plastering systems, the
implementation of EN 1015-21 ageing cycles allows observing the degradation of the system
performance. As such, a preliminary proposal of a durability assessment methodology
applicable to thermal plastering systems, regarding the interior application, is presented in
Figure 6. The capillary absorption requirement is supported by the capillary classes defined in
EN 998-1 (CEN, 2010). The heating (60 ºC)-freezing (-15 ºC) procedure (defined according to
EN 1015-21 (CEN 2002a)), allows analysing the effect of the temperature fluctuation, regarding
high-temperature variations. The application tof freezing conditions may be too severe for
plastering systems applied in interior layers and may therefore be replaced by a higher minimum
value adequately justified. However, the effect of humid environments, at high or low
temperatures, was not evaluated and is a crucial aspect concerning the durability of plasters. In
short, the application of thermal plastering systems requires an accurate analysis, regarding the
environmental conditions where the system is intended to be applied, and the definition of the
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related ageing cycles (that should represent the environment as accurately as possible).
Thermal plastering systems
Application not
recomended

Definition of the interior environment
conditions

Yes

Exposure to:
Yes

- High φ (wet conditions)

Finishing plaster: Aw ≥ 0.2
(kg/m 2.min0.5)

- Liquid water

No

No

Application
feasibility

High RH variation zones

High temperature variation zones

Humidity cycles:

Heat-cold cycle

- At high temperatures or;
- At low temperatures.

Durability tests:
- Visual observation (e.g. condensations)
- Liquid water permeability
- Adhesive strength
- Impact resistance

Figure 6. Preliminary durability assessment methodology applicable to thermal plastering systems.

4.3 Durability Assessment Methodology Applicable to Thermal Rendering Systems
The characteristics and durability of thermal rendering systems, suitable for the exterior
application, were already presented in the previous work of Maia et al. (2019). The developed
methodology, applicable to thermal rendering systems, combines the previous knowledge of
the requirements and material properties (obtained by experimental tests and numerical
simulation) with a detailed durability experimental campaign. This campaign preconizes the
implementation of several accelerated ageing tests, taking into account the relevant degradation
mechanisms. To a better adequacy of the durability assessment to thermal rendering systems, a
new hygrothermal ageing cycle, which combines heat-cold and heat-rain cycles regarding the
Portuguese climatic, was developed through climate analysis and hygrothermal simulation,
with WUFI Pro software (IBP, 2018). The heat-cold cycle comprises a cold period (-5 ºC for
11h), a warm period (65 ºC for 7h) and the transitions between the 2 stages, resulting in a 24h
cycle. The heat-rain cycle comprises a warm period (70 ºC for 2h), a rain period (15 ºC and
1l/m2.min. of water spraying, for 1h) and the transitions between the 2 stages, resulting in a 6h
cycle, repeated 80 times. This first approach allowed the development of a theoretical
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methodology for the definition of heat-cold cycles in the European context (Maia et al., 2019).

5 Conclusions
The existing durability assessment procedures of thermal mortars showed to be insufficient to
a precise and realistic evaluation. In that way, the authors developed a new durability
assessment methodology, based on real material characteristics and the performance of the
system as a whole. The developed methodology highlighted the importance of combining
different evaluation methods, such as numerical simulation and experimental tests (existing and
new procedures). The previous knowledge of the application requirements allowed the
definition of different paths regarding the main degradation mechanisms and, consequently, the
most representative accelerated ageing cycles. The main degradation mechanisms include high
temperature variations, high relative humidity variations, exposure to high relative humidity,
exposure to liquid water and freeze-thaw. The presence of liquid water and high relative
humidity is a key factor for the decision on the applicability conditions of thermal mortars. A
high water absorption of both the thermal mortar and the finishing layers, in multilayer systems,
will define the limitation to interior applications only.
In summary, the implementation of the standard procedures to different thermal rendering
and plastering systems allowed understanding the deterioration caused by each degradation
mechanism. The acquired knowledge contributed to the development of the hygrothermal
ageing cycles since the relevant gaps were identified and bridged. The several experimental
tests, performed before and after the different ageing procedures, deepened the knowledge of
thermal renders/plasters and the respective systems, giving valuable information about their
properties and performance. This knowledge is fundamental to develop the durability
assessment methodology, applicable to thermal rendering and plastering systems, together with
the developed hygrothermal cycle.
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Abstract. External Thermal Insulation Composite Systems (ETICS) are nowadays often used in new
constructions but are also one of the most frequently used thermal retrofitting solutions for buildings.
These systems have several advantages such as low installation cost, ease of application and increased
thermal efficiency. Nevertheless, a number of questions have been raised on their long-time durability
particularly related to biodeterioration. Biological growth is strongly influenced by several parameters,
such as water content, temperature, pH but also by the type and hygroscopic properties of the building
materials. It is therefore essential to understand and correlate those properties with biological growth.
This paper aims at evaluating some ETICS characteristics that might influence surface mould
development which is recognized as one of the major groups of deteriorating organisms. The
susceptibility of the surface finishing layer and thermal insulation to biological growth was assessed
through natural inocula and selected fungi and, whenever possible, correlated with water absorption
and drying capacity. This study is part of a wider research project: WGB_Shield (Shielding building’
facades on cities revitalization. Triple-resistance for water, graffiti and biocolonization of external
thermal insulation systems) that aims at the development of ETICS with improved durability in the urban
environment. Further development on this issue are ongoing.
Keywords: ETICS, Durability, Mould Growth, Water Performance, ETAG 004.

1 Introduction
The External Thermal Insulation Composite Systems (ETICS) are nowadays often used in
Europe for new constructions and for thermal refurbishment of building facades (Barreira and
Freitas, 2013). These systems present several advantages in comparison with other insulation
solutions, such as the correction of thermal bridges, reduction of interior water condensation
and increase of thermal efficiency, while maintaining the aesthetic appearance of the building,
with relatively low installation cost and ease of application (Simona et al., 2017). Nevertheless,
biological growth has been identified as one of ETICS main disadvantages, with several ETICS
facades showing this problem only few years after the building construction/intervention
(Johansson et al., 2010). Over time, biological growth causes cladding defacement, though it
might not have major influence on the thermal performance of the system itself, however,
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altering the aesthetic appearance of the building. This situation commonly leads to a disapproval
of the building owner, ending up with several economic and social consequences, that limit the
full implementation and a wider diffusion of ETICS (Johansson et al., 2010).
Factors influencing mould growth on ETICS include nutrient availability, temperature, pH
and moisture which seems to be the key factor (Johansson et al., 2012). Extensive fungal
development is linked to high levels of surface moisture content, resulting from the combined
effect of surface condensation, drying process as well as from the finishing render composition.
When the drying process is slow, the surface moisture content remains high for long periods,
increasing the risk of biocolonization (Barreira and de Freitas, 2013). Thus, the main parameters
affecting biological colonization on ETICS are thought to be the composition of the different
elements (insulation material, base coat mortar and finishing coat) and the behaviour of the
system concerning water absorption and drying. It is therefore essential to understand the
hygrometric properties of ETICS and their composition in order to correlate them with
biological growth.

2 Materials and Methods
2.1 Materials
Seven different ETICS solutions from three different manufactures were tested for mould
growth and water behavior (capillary absorption and drying capacity). Table 1 briefly describes
the selected materials. Detailed information about the formulation of each solution is not
available due to industrial confidentiality.
Table 1. Characteristics of each system.

Finishing render (FR)*
System (S) /
Manufacturer
(M)

Thermal
insulation
(TI)

Binder

Aggregates
Mineral
fillers and
resins

S1 / M1

EPS-1

Cement

S2 / M1

EPS-1

Cement

S3 / M2

ICB

Lime +
hydraulic
binders

S4 / M2

EPS-2

Cement

S5 / M3

ICB

Natural
hydraulic
lime +
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Finishing
coat

Base coat (+ mesh)
Admixtures
and additives
Not
identified

Coating
Acrylic paint

S: 63.61
TI: 59.73

Mineral
fillers
Mineral
fillers,
resins, and
synthetic
fibres
Acrylic
resins and
mineral

S
thickness
(mm) =
TI
thickness
+ FR
thickness
S: 40.57
TI: 35.29
S: 40.44
TI: 35.29

Acrylic paint
+ pigment

Acrylic with
siloxane
resins

S: 65.45
TI: 59.99
S: 41.91
TI: 37.91
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Mixed
binders

fillers

S: 43.30
TI: 38.30
S: 44.80
S7 / M3
MW
TI: 39.80
EPS: expanded polystyrene; ICB: expanded cork; MW: mineral wool. EPS-1 and EPS-2 were
produced by different manufactures. *The FR includes a biocide
S6 / M3

EPS-2

Cement +
Mixed
binders

Two types of samples were cut from the original ETICS panels of each system: the first was
a set of 3 samples of each system with dimensions of 40 mm × 40 mm × S thickness (Tab. 1),
which was used to assess mould growth; the other is described in Table 2 and was used to assess
capillary absorption and drying capacity of each system. The total thickness of each system
ranges between 40.44 mm and 65.45 mm and is presented in Table 1. The thermal insulation
materials of each solution were also individually tested for mould growth. There are four types
of insulation materials, including mineral wool (MW), expanded polystyrene from two different
manufactures (EPS-1 and EPS-2) and expended cork (ICB). The dimensions of these samples
are 40 mm × 40 mm × TI thickness (Tab. 1).
Table 2. Materials, samples and laboratory tests for water behavior assessment.

Test
Capillary absorption
Drying

Reference
ETAG 004 (2013)
EN 16322 (2013)

2.2 Mould Growth Tests

Sampling [Samples × S]
2×7
2×7

Dimensions [mm]
150 × 150 × TI thickness
150 × 150 × TI thickness

The resistance of the different ETICS and insulation materials to mould growth was assessed
using a method adapted from ASTM D 5590-17 (2017) and ASTM C1338-19 (2019) and
previously described by Santos et al. (2017). Three replicates of each ETICS solutions and
corresponding thermal insulation were tested.
Three fungal species were used in this study: spore suspensions of Aspergillus niger and
Penicillium funiculosum, applied together, and Aureobasidium pullulans, applied alone. These
species were chosen due to their widespread presence in interior and outdoor environments and
commonly referenced in the literature and standards (Hoang et al., 2010; ASTM D 5590-17,
2017; Verdier et al., 2014). A volume of 2 ml of each spore suspension was uniformly
distributed on the surface of the previously sterilized specimens and controls and the
surrounding culturing media (4% malt, 2% agar). The controls were 3 replicates of Whatman
nº 1 filter paper (45 mm diameter) and 3 wood samples (Pinus pinaster) with dimensions 40
mm × 40 mm × 10 mm, that allowed the validation of the test (ASTM C1138-19, 2019). After
inoculation, the test flasks were incubated at a temperature of 22 ± 1ºC and 70 ± 5% RH for a
period of four weeks. A third group of test specimens was exposed in the same conditions but
without any sterilization or inoculation thus allowing their natural inocula to potentially
develop. Each week, the samples were visually rated for mould growth using the scale defined
in Table 3. At the end of the exposure period the samples were removed from the flasks and the
final percentage of contaminated surface (Table 3) was evaluated with the help of a stereo
microscope.
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Table 3. Rate of fungal (mould) development as defined in ASTM D 5590-17 (2017).

Rating
0
1
2
3
4

Description
None
Traces of growth
Light growth
Moderate growth
Heavy growth

Percentage of contaminated surface
0%
<10%
10 to 30%
30 to 60%
>60%

2.3 Capillary Absorption and Drying Tests
Water performance of ETICS was assessed through capillary absorption and drying capacity.
Capillary absorption tests were performed according to ETAG 004 (EOTA, 2013) in a
conditioned room (T = 23 ± 2ºC and 65 ± 5% RH). A total of four cycles (each cycle has 24h
with measurements at 3 min, 1, 4, 8 and 24h) of capillary absorption were conducted. Capillary
water absorption coefficient was obtained by the slope of the initial phase of the curve that
expresses the water absorption as a function of square root of time.
Drying test was performed following the recommendations of EN 16322 (2013) and started
immediately after the capillarity test. The test was performed in a conditioned room (23 ± 2ºC
and 65 ± 5% RH). Samples were weighted after determined periods of time until the variation
of mass was constant for all samples. Two drying phases were determined: DR1 – the first
drying phase, obtained by the negative slope of the initial linear section of the drying curve
plotted with time in abscissa; and DR2 – the second drying phase, calculated by the negative
slope of the linear section of the drying curve, plotted against the square root of time in abscissa.
Drying index (DI) was obtained by Equation (1), in which Mx is the mass of the sample
registered during the drying process (g), M1 is the mass of the sample in a dry state (g), M3 is
the mass of the sample in a saturated state (this mass corresponds to the mass at the beginning
of the drying process (t0)), tf is the time at the end of the drying process.
DI =

t

M -M

(

M3 -M1
)×tf
M1

x
1
� dt
∫t0f f � M
1

(1)

3 Results and Discussion
3.1 Resistance to Mould Growth
The results of the average rate of mould growth for ETICS surface finishing layer considering
all type of inoculation were the same during or at the end of the test: zero (no growth). All
controls (Whatman nº 1 filter paper and wood) were rated as 4 at the end of the 4-week testing
which confirms the validity of the procedure. The fact that no growth occurs for any ETICS
surface after 4 weeks of testing can be explained by the presence of biocide on the finishing
render. Nevertheless, these are newly produced, unaltered sound systems, which were not
subjected to any kind of aging or weathering procedures.
The results of the average rate of mould growth for the insulation materials are shown in
Figure 1. After 4 weeks of incubation, significant mould growth was observed on the ICB
samples, rated as 2 or more for every type of inocula (natural or artificial). For EPS-1 samples,
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no growth was reported at any time during the test, however, for EPS-2, some samples presented
traces of growth, especially with natural inocula. MW samples presented no growth for the A.
pullulans inoculation and traces of growth since the first week of observations for the A. niger
and P. funiculosum inoculation. Only one of the three MW tested samples showed traces of
growth (rated as 1) after 4 weeks testing for natural inocula.
4

3

ICB
MW

2

EPS-1

1
0

EPS-2
C

0

1

2

3

4

Rate of growth

Rate of growth

4

3

ICB
MW

2

EPS-1

1
0

EPS-2
C

0

(a)

Incubation time [weeks]

2

4

Incubation time [weeks]

(b)

Rate of growth

4
3

ICB
MW

2

EPS-1

1
0

EPS-2
C

0

1

2
3
4
Incubation time [weeks]

(c)

Figure 1. Results of the average rate of mould growth for the insulation materials considering: (a) natural
inocula (b) artificial inoculation with A. niger and P. funiculosum (c) artificial inoculation with A. pullulans.

Amongst the insulation materials, ICB samples presented the most intense mould growth. In
fact, cork is a natural organic material with suberin, lignin and polysaccharides (cellulose and
hemicellulose) in its composition (Knapic et al., 2016). Organic or organic-based materials are
more vulnerable to fungal deterioration since they provide ample nutrients, through their
composition, contributing to fungal growth (Klamer et al., 2004; Hoang et al., 2010).
Additionally, the results of rate of growth for ICB were significantly higher when inoculated
with A. niger and P. funiculosum rather than A. pullulans.
In general, MW and EPS samples present a good resistance to mould attack, always
presenting a rate of growth lower or equal to 1. Concerning MW, as an inorganic material, the
susceptibility to mould growth is naturally lower than that of organic materials. The only sample
rated as 1 for natural inocula could have been previously contaminated with some organic dust
particles, that contributed to the increase of mould growth susceptibility (Jerábková and
Tesarová, 2018). Regarding EPS, the resistance to fungal growth is noteworthy, which is in
accordance with the results obtained by Jerábková and Tesarová (2018).
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All insulation materials presented higher mould growth for natural inocula than for artificial
inoculation. If, on the one hand, natural inocula can be more representative of real conditions
(Hoang et al., 2010), artificial inoculation significantly accelerates the test while improving
repeatability and comparison between materials (Johansson et al., 2012, 2014).
3.2 Capillary Water Absorption and Drying

1,4

1,2

1,2

1

Water loss (kg/m²)

Water absorbed (kg/m²)

The results obtained for capillary absorption and drying are shown in Table 4 and Figure 2.
Sample S3 presents the highest value of capillary absorption at 1h and 24h, whereas sample S1
presents the lowest values. In fact, samples S1 and S2, both with cement-based matrix in the
base coat and from the same manufacturer, presented lowest capillary water absorption, and, as
a consequence of low water content, also the fastest drying capacity. Sample S1 presented not
only the lowest values of capillary absorption at 1h and 24h but also the lowest value of capillary
water absorption coefficient.

1
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Figure 2. Capillary absorption curves (a) and drying curves (b).

By comparing the capillary water absorption coefficient (C) obtained for sample S5 and S6,
it was noticed an increase of 65% of the value of C for S5 in relation to S6. These samples
present the same composition of finishing render with exception of the binder (S5 has natural
hydraulic lime and mixed binders while S6 is composed of cement and mixed binders).
All samples achieved values of capillary absorption after 1h testing that are lower than 1
kg/m2, which is the value required by ETAG 004 (EOTA, 2013). In fact, for all tested solutions,
the highest level of capillary absorption happens in the first hour of test (even in the first 3 min),
followed by a stabilization of the capillary water absorption. Therefore, all solutions have an
adequate performance with regards to capillary absorption and drying, presenting low values
of capillary absorption.
The results obtained for drying test are in line with those obtained for capillary water
absorption, since samples that generally absorb more water are those that present higher drying
rates, allowing fast removal of absorbed water. Additionally, a high correlation was obtained
between the capillary absorption coefficient and drying rate 2 (R2 = 0.77).
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Table 4. Capillary absorption and drying test results.

Capillary
System
absorption
(S)
1h
(kg/m2)
S1
0.062
S2
0.118
S3
0.959
S4
0.667
S5
0.227
S6
0.154
S7
0.419

Capillary absorption
ETAG
Capillary
004 (≤ 1
absorption
kg/m2 at
24h
1h)
(kg/m2)
√
0.242
√
0.379
√
1.268
√
1.217
√
0.669
√
0.385
√
0.832

Drying
C
DR1
(kg/m2.min0.5) (kg/m2.h)

DR2
(kg/m2.h0.5)

DI

0.019
0.034
0.184
0.115
0.081
0.049
0.151

0.0197
0.0396
0.0989
0.1099
0.0619
0.0335
0.0773

1.05
1.02
1.01
0.94
1.00
1.00
0.98

0.0030
0.0068
0.0151
0.0169
0.0095
0.0051
0.0111

4 Conclusions
With the aim of evaluating the resistance of different ETICS surface finishing layer and
insulation materials to mould growth under laboratory conditions, 7 different ETICS solutions
were tested considering three different types of inoculation. The thermal insulation materials of
each solution were also individually tested for mould growth. Additionally, capillary water
absorption and drying capacity of each ETICS were assessed.
The main conclusions of this study are the following:
- No mould growth was detected on any ETICS surface finishing layer after 4-week testing
though it should be noticed that the materials were tested without previous aging or
weathering procedures.
- Considering the thermal insulation materials tested individually for mould growth, ICB
samples were the ones obtaining the highest level of mould growth after 4-week of
incubation. For EPS-1 samples, no growth was reported at any time during the test.
However, this is not the case for the EPS-2, where some samples presented traces of
growth, especially when considering the natural inocula. MW samples presented no
growth for the A. pullulans inoculation but traces of growth for the mixed spore
suspension. However, as stated in the previous point, these differences in the insulation
materials didn’t visibly affect the full system behavior.
- All insulation materials presented higher mould growth for natural inocula than for
artificial inoculation with either of the spore suspensions.
- All tested ETICS solutions showed good performance regarding capillary water
absorption and drying capacity, with all solutions accomplishing the ETAG 004
requirements. Such good characteristics could be one of the reasons why, at this stage,
the susceptibility of some insulation materials to mould growth didn’t affect the
performance of the full system. However, further tests are necessary to assess the
moisture transport properties of ETICS after natural and artificial aging and compare
those values with the ones presented in this study.
The results obtained in the present study give an overview on ETICS characteristics
(capillary absorption, drying capacity and composition of ETICS layers) that might affect
surface mould development. The next step in the research will consist on verifying ETICS
durability by natural and artificial aging tests, which will affect ETICS finishing coat, possibly
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leading to a higher susceptibility of the system to mould growth.
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Abstract. In this paper, two aerogel-based renders are characterized based on in-situ testing of walls
prototypes. The in-situ tests to assess the mechanical performance are: pull-off, surface impact tests and
compressive strength on collected samples. The physical performance includes the water resistance and
thermal conductivity coefficient. The tests carried out to assess water-resistance are: Karsten tube,
moisture meter and capillary water absorption of collected samples. The thermal performance was
tested based on infrared thermography and thermal conductivity transient method.
The combination of these in-situ tests allowed a better performance characterization of the aerogelbased renders and characterized the applied renders. These results were carried out under two national
research projects (Nanorender and P2020 PEP).
Keywords: In-Situ Tests, Renders, Aerogel, Walls, Performance.

1 Introduction
On-site performance testing of renders avoids subjective diagnosis and contribute to a better
understanding of render behavior under natural exposure conditions. In-situ techniques on
conventional renders have been applied on several studies (Flores‐Colen et al., 2011; Duarte et
al., 2020; Menezes et al., 2015; Santos et al., 2013) such as ultra-sound; pull-off; surface impact
test; Karsten tube; moisture meter; and infrared thermography. Also, compressive strength and
capillary water absorption have been carried out on render samples collected from on-site. The
study of aerogel (Garrido et al., 2019) and aerogel-based renders is increasing due to their
excellent thermal performance and application on thermal rehabilitation of walls, with
decreased thicknesses solutions when compared with other conventional thermal renders. In the
literature there are already a few number of studies that focus on in-situ testing of aerogel-based
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renders, but mainly on the hygrothermal behavior of these renders based on numerical
simulations (Fantucci et al., 2020; Fenoglio et al., 2018; Ibrahim et al., 2014; Stahl et al., 2017).
In this paper, several in-situ techniques are applied on wall prototypes with different
formulations of aerogel-based renders, in order to discuss the mechanical, water resistance, and
thermal performance. The tested formulations (renders A and B) were developed in two national
research projects. In Nanorender project (2012-2015), funded by FCT (Foundation for Science and
Technology) PTDC/ECM/118262/2010 (“Nanorender: Performance of nanoaerogel silica-based
renders” 2015), a cement-based aerogel render, with fly ash and lightweight co-aggregates was
developed reaching a good balance between thermal conductivity (0.088 W/m.K) and compressive
strength (1.03 MPa). In PEP project (2016-2019), funded by COMPETE 2020/Portugal P2020POCI-01-0247-FEDER-017417, a new aerogel-based render was developed (thermal conductivity
of 0.028 W/m.K) with compressive strength above 0.2 MPa and water vapour diffusion resistance
coefficient below 15. Only some results are discussed for two specific aerogel-based renders
formulations in order to discuss the potential of in-situ techniques to assess in-service performance.

2 Experimental Program
2.1 Materials
The render AAero+EC has in its composition: cement CEM II B/L 32.5 N, 1% of surfactant agent and
0.075 % cellulose ether, in weight relative to the total mixture mass. The mixing procedure was
initially manual and with slow rotation at the final part of the mixing procedure, following the EN
1015-11, and the water/binder ratio was 1.25. The aggregates include, in volume, 60% of
commercial supercritical hybrid silica aerogel and 40% of expanded clay. The aerogel-based render
showed problems in the application of a composition with 100% aerogel in volume of aggregates.
Thus, the incorporation of the expanded clay (40% in volume) as a co-aggregate improved the
mortar consistency and allowed a quick and easy application of the render. A render with only
expanded clay (AEC), with 0.05% of air-entraining agent instead of 1%, and with water/cement ratio
of 0.78, was also produced and applied for comparative purpose (Lazera et al., 2016).
The render BAero is composed by a blend of mineral binders, rheological agents, resins,
hydrophobic agents, lightweight fillers, containing a commercial supercritical hydrophobic hybrid
silica aerogel as a lightweight and thermal insulation aggregate. The silica aerogel granules
represent around 58% in volume or a total of 37 % (m/m) in the weight, both for the mixture
powder. The water/binder ratio was 1.33 (Pedroso et al., 2019; Sousa et al., 2019). This render has
also a multilayer coating composed by a basecoat layer, fibreglass mesh, key coat, and an acrylic
finishing coat (Pedroso et al., 2019).

2.2 Wall Prototypes
The renders AAero+EC and AEC (Figure 1, a) were manually applied with 4 cm thickness on an
opening of a brick wall, with 15 cm of thickness and 40x45 cm2 dimensions. The curing conditions
were at ambient air temperature (average of 15 ºC) during 28 days. The surface of the render was
periodically moistened in the first days of curing, a plastic sheet covered the wall (Figure 1, b). The
render BAero was mechanically applied with 5.5 cm of thickness on a lightweight concrete masonry
wall with 3 x 3.6 m2 (Figure 1, c and d). The curing conditions were at ambient air temperature
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(average of 20 ºC) during 28 days without any humidification of the render surface.

2.3 Testing Procedures
Several techniques were carried out on the wall prototypes: adhesive strength on substrates (EN
1015-12 - pull-off; water permeability under low pressure (LNEC FE Pa 39.1/RILEM nº II.4)
Figure 2 a; pendulum hammer index (RILEM MS-D.7), Figure 2 b; hardness impact (LNEC Fe Pa
25), Figure 2 c; thermal conductivity coefficient (ASTM D5930) and also following the test
recommendations by Gomes et al. (2018), Figure 2 a; Tramex moisture meter (Figure 2 d), and
FLIR infrared camera.

a)

b)

c)

d)

Figure 1. a) Render AAero+EC; b) curing condition at early stages of renders AAero+EC and AEC; c) lightweight
concrete block wall to receive render BAero; d) render BAero.

a)

b)

c)

d)

; b) pendulum hammer, c) impact test with
Figure 2. a) Thermal conductivity, Karsten tube in render A
Martinet Baronnie device; d) moisture meter in render BAero.
Aero+EC

The prototypes were installed in climatic chambers with an internal controlled environment.
Some samples were collected and prepared for compressive strength and capillary water
absorption tests, with and without the multilayer finishing system (when applicable). All the
renders were tested at 28 days of curing.
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3 Results
Table 1 presents some of the experimental results obtained for aerogel-based renders A and B.
These results showed that the applied thermal renders have good thermal performance. The
incorporation of aerogel improves the thermal characteristics (for example compare AEC and
AAero+EC with the same formulations, 0.1359 for A EC and 0.1200 for AAero+EC)).
Furthermore, the thin coating of the multilayer coating system misleading the in-situ
measurement of the thermal conductivity (0.034 for BAero and 0.120 W/m.K for the mortar with
finish coating, respectively). The latter measurement should not be consider because two
requirements of this technique are not accomplished: the measurements on a homogeneous material
and the minimum thickness. Aerogel-based renders have low compressive strength values and low
compacity. However, they have higher deformability, lower pendulum hammer index and higher
notch diameter in the Martinet-Baronnie device. If necessary, depending on the surface
requirements, a protective multilayer coating system could improve or maintain acceptable values
of surface resistance (e.g. BAero has the same surface resistance than the AAero+EC without a finish
layer).
Table 1. Results aerogel-based renders A and B.

AEC

Bulk
density
(kg/m3)
721.8

AAero+EC

651.6

BAero

178

Render

Rc
(MPa)

IE

2,879

91,1

14

0.910

77.1

20.6

Ønotch Pull-Off
(mm) (KN/m2)
x

Hsuperficial
(%)
27.67**

x
0.04
0.147 69.7* 20.67*
cohesive

C
λIsomet
(kg/m2.mi
(W/m.K)
n0,5
0.1359
x

62.67**

0.1200

nil

0.0340

0.62
0.02*
0.85

Volume of
water at 60
min (ml)
10.37

CA
(kg/m2.min0,5)
x

2.67

0.70

0.083

0.02

Caption: VUS – pulse velocity; Rc – compressive strength; IE. – pendulum hammer index; Ømossa – notch diameter (superficial resistance)
from Martinet Baronnie; Hsuperficial – surface moisture; λ – thermal conductivity; C – initial slope of the graph with the water absorbed per
area over time; CA – water absorption under low pressure from Karsten tube (Equation 1), where Q = volume of water absorbed (ml), D is
the surface diameter, which is 25 mm; t is the period test (min); x - nil tests due to several reasons: impossible to have reliable readings;
reduced thickness of the collected samples from the walls; * with multilayer finishing system: ** with 41% of relative air humidity.

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝑄𝑄𝑄𝑄∙10−3
𝜋𝜋𝜋𝜋
4

𝐷𝐷𝐷𝐷2 ∙� ∙10−6 ∙√𝑡𝑡𝑡𝑡�

(1)

The presence of expanded clay guarantees values of mechanical strength above the minimum of
0.4 MPa from EN 998-1, for thermal renders however significantly increases the thermal
conductivity coefficient (from 0.034 of BAero for 0.12 for AAero+EC) (Júlio et al., 2016). Therefore,
both lightweight aggregates and paste formulation contribute to the balance between compressive
strength and thermal conductivity.
In terms of water resistance, aerogel-based renders tend to have high water absorption (capillary
suction or under low pressure) due to their high porosity, despite the hydrophobic nature of the
aerogel and the introduction of more entraining agents (from 2.67 to 10.37 ml in AAero+EC to AEC.
The water absorption due to capillary requirements for renders to be applied to external walls is not
accomplished (0.85 and 0.62 kg/m2.min0.5, in table 2, for aerogel-based renders) according to EN
998-1 (CEN, 2010). However, a compatible multilayer coating reduces the water absorption of the
render system (from 0.85 to 0.02 kg/m2.min0.5 in BAero).
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The experimental results also showed that aerogel-based renders have drawbacks in
adhesive strength. The majority of the results were nil, or the values were too low (0.04 MPa
with cohesive rupture). Because of the low weight of these renders and low susceptibility to
thermal gradients, the low adhesion values can be accepted. However, some admixtures could
be added with this purpose). The results also showed that less intrusive pull-off technique
should be adapted in the future to have a more reliable test to assess the adhesion of these
renders and other lightweight thermal mortars. Furthermore, the moisture meter confirmed the
presence of surface moisture on the render AAero+EC after 28 days of curing in laboratory
conditions. In render BAero, the values were nil due to the multilayer coating system. In addition,
in this render, the infrared thermography was used and no significant differences of the
superficial temperature was found, therefore concluding that there is a uniformity of the thermal
render, without the presence of moist areas.

4 Conclusions and Future Developments
This paper contributes to the discussion of the performance of aerogel-based renders on walls
prototypes. The results showed that these renders have excellent thermal behaviour but with specific
characteristics in terms of compressive strength and water resistance.
The in-situ testing and lab testing on the collected samples confirm the mechanical, waterresistance and thermal performance of the applied aerogel-based renders. These renders tend to
have lower compressive strength, low compactness but high surface deformability. Because of the
low weight of these renders and low susceptibility to thermal gradients (lower values of thermal
conductivity), the solutions are stable after application, despite of having reduced adhesion
values.
The water resistance of these renders depends on the paste formulation notwithstanding the
hydrophobic nature of the aerogel. However, the common application of a compatible
multilayer coating system improves the water behavior of the complete render system (thermal
render + multilayer coating system).
In-situ tests are relevant techniques to monitor the performance of aerogel-based renders and
to give additional information to numerical simulations of these renders. However, some
drawbacks can be highlighted, specially when multilayers systems are applied. For example,
in-situ measurements of thermal conductivity with ISOMET technique are reliable only on
aerogel-based renders without thin coating systems. Further research should discuss the thermal
performance of these multilayer systems based on the thermal resistance.
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Abstract. Thermal insulating plasters and renders are becoming a popular solution for the energy
retrofit of existing and historic buildings because of their suitability/compatibility with the existing
masonry supports. However, as for most of the insulating products, the actual performance of these
materials might significantly differ from the one determined with simplified methods (EN ISO 6946
standard) that are commonly adopted by the designers. In this study, an overview of the latest Authors
researches that involve three different thermal insulating plasters, containing respectively perlite,
vegetal and aerogel aggregates, are presented. The developed plasters were characterized in the
laboratory and successively applied in three demonstration buildings. From the in-field thermal
monitoring activities, all the analysed thermal insulating plasters showed a decrease in the thermal
performance between 25 and 30% if compared to the laboratory measurements.
Keywords: Plaster, Render, Aerogel, Retrofit, Historical Buildings.

1 Introduction
In the last years the energy demand reduction, and hence, the reduction of greenhouse gas
emission has become a crucial global strategy. Building sector can play a key role in this
process. Since the largest part of the EU existing buildings is old and thus weak from the
thermal point of view, retrofit strategies should be adopted for improving the thermal
insulations level. Nevertheless, a big challenge is to identify suitable insulating solutions able
to guarantee the proper compatibility with the existing masonries, considering that ~39% of
the EU residential buildings were built before the 1960’. Recently, different retrofit strategies
for existing buildings have been developed. Among all the different solutions one of the most
promising is represented by the thermal insulating plasters and renders. These materials are
similar to the traditional plasters, but the sand is replaced by lightweight thermal insulating
aggregates (LWA) to reduce density and thermal conductivity. Key-features of these materials
are the ease of application on irregular surface, the higher hygrothermal compatibility, the
minimum space reduction (indoor application) and the good thermal performance
improvement. Several studies have demonstrated that good thermal performance can
nowadays be achieved by using different LWA typologies e.g. vegetal (Cherki A et al., 2014,
Mazhoud B. et al., 2016, Brása A. et al., 2013), mineral (Barbero-Barrera M. et al., 2015,
Osman G. 2016, Konakova D. et al., 2017), polymeric (Mayor P. et al., 2012, ŠeputytėJucikė J. et al., 2014) or silica aerogel (Ibrahim M. et al., 2014, Stahl T. et al., 2012, Buratti
C. et al., 2014, Fantucci S. et al., 2020).
Nevertheless, despite the interesting potentials of thermal insulating plasters, some aspects
are currently under investigation. Actually, during their service life, these materials might be
exposed to variable boundary conditions e.g. temperature and relative humidity variations,
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that can strongly affect the expected thermal performance. It seems evident that, in addition to
the laboratory nominal thermal conductivity measurements, an in-field monitoring activity
can be useful.
The aim of this paper is to present a comparison between the laboratory performance and
the actual in-field monitored performance, in real case studies. For this sake, an overview of
the latest Authors researches that involve the monitoring of three different historical case
study buildings in northern Italy in which three different thermal insulating plasters
containing different LWA were applied (vegetal, mineral and aerogel) is here presented.
1.1 The Developed Materials
The materials hereafter presented were developed adopting different LWA typologies
(vegetal, mineral, and aerogel). The plasters were measured in the laboratory to determine the
nominal thermal conductivity and then applied and monitored to different case study
buildings in north Italy. The first formulation presented (VGT 04) is made by natural
hydraulic lime as a binder with addition of vegetal and mineral aggregate, respectively
corncobs (33% in weight) and perlite (10% in weight); the product was then applied to a
historical building located in Turin (Ex Albergo della Virtù, 1580). The second analysed
plaster typology (P_30) is made by mineral LWA. The Natural Hydraulic Lime (NHL2) was
mixed with cement (<7.5% in weight) and perlite was used as aggregate (30% in weight); the
product was applied to a XIX - XX century rural house located in Dogliani (CN).
The last plaster typology was made by a mineral-based binder with the addition of ~50% in
weight of granular aerogel (Sample G). The product after the laboratory test was applied to a
1920 building located in Turin (ATC social house). More exhaustive analyses performed on
the different materials were presented in (Bianco L. et al., 2015, Fenoglio E. et al., 2018,
Fantucci S. et al., 2019).

2 Laboratory Assessment
Accordingly, to the EN 998-1 standard, the thermal plaster to be classified as “T1” must
achieve a λ-value lower than 0.10 W/mK. So for this classification, it is essential to
experimentally assess the thermal conductivity in laboratory conditions.
2.1 The Laboratory Analysis
The procedure to perform the thermal conductivity measurement is reported in EN
12667:2001. The apparatus adopted for the plaster samples presented in this paper is the Heat
Flux Meter (HFM Figure 1a). It is made by two flat parallel plates in which the plaster
specimen is placed in between. It is possible to set different temperatures of the plates to
establish a constant temperature difference ΔT, then the generated specific heat flux φ is
measured. In this case, a temperature difference between the plates of 10°C was set. The HFM
collects the surface temperature difference and the heat fluxes until constant conditions are
reached, then for known specimen thickness t it is possible to determine the thermal
conductivity as follow:
𝜆𝜆𝑒𝑒𝑒𝑒 = 𝑡𝑡 ∙
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The tested samples are characterized by a size of 60 x 60 x 10 cm (VGT 04) and of 40 x 40
x 5 cm (P_30 and G). Before to start the test, the samples were dried in a climatic chamber
(ACS DM 340 Figure 1b) until a constant mass was reached. Then to avoid any vapour
migration between the samples and the environment, they were sealed in a vapour-tight
envelope.

a)

b)

Figure 1. a) the heat flux meter adopted for the measurements (picture from Fantucci et al. 2020); b) the
climatic chamber adopted for the material drying.

2.2 Results
The thermal conductivity of the thermal plaster formulations is reported in Table 1. Results
show that the lower is the thermal conductivity of the LWA added in the formulations, the
lower is the density of plaster, and hence, their thermal conductivity. Nevertheless, adopting
non super-insulating LWA (perlite and corncob), a quite low thermal conductivity (below 0.1
W/mK) can be achieved to be classified as T1 plaster according to the EN 998-1 standard.
Table 1. Thermal conductivity results of the thermal plasters.

Code

Sample

A
B
C

VGT_04 (vegetal)
P_30 (perlite)
Sample G (aerogel)

ρ
[kg/m3]
400
394
134

λ10,dry [W/mK]

Results from

0.090
0.084
0.027

Bianco L. et al., 2015
Fenoglio E. et al., 2018
Fantucci S. et al., 2020

3 In-situ Monitoring
In addition to the laboratory thermal conductivity measurement, an in-field monitoring
campaign was carried out for the three different thermal plaster formulations.
3.1 Demonstration Buildings
For each formulation, a different case study building was selected for the material installation.
The monitoring phase aims at analysing the actual in-field thermal performance and to
compare it with the laboratory measurements. For each case study, two identical walls with
the same orientation were selected: one was kept as reference wall while the other was
retrofitted with the thermal insulating plasters applied on the internal side of the wall.
The plaster A (vegetal-based) was applied at “Ex Albergo di Virtù” (1580), a historic
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building located in Turin (Figure 2a). The south-east oriented external wall was selected for
the application of 6 cm thick layer of thermal plaster from the interior side. The existing walls
are made of a ~50 cm thick layer of stones and bricks.
The plaster B (perlite-based) was applied in a 5 cm thick layer for the energy retrofit of a rural
building located in Dogliani (CN) (Figure 2b). The selected walls are north-east oriented, and
the structure is made up of about 50 cm layer of solid bricks with an external lime plaster
layer.
Finally, a 1920 social house building, located in Turin, and managed by ATC (Agenzia
Territoriale Per La Casa del Piemonte Centrale) was chosen as reference building for the
application and monitoring of the plaster C (aerogel-based) (Figure 2c). Two identical solid
brick cavity walls south-east oriented were selected, the retrofitted one was coated with ~4.5
cm plaster layer.

a)

b)

c)

Figure 2. a) Ex Albergo di Virtù case study selected for plaster A (picture from Bianco et al., 2015); b) the
building during the refurbishment and selected for plaster B (picture from Fenoglio et al., 2018); c) the ATC
building selected for the plaster C (picture from Fantucci et al., 2019).

3.2 Monitoring Procedures
The standard procedure for the in-field measurement of the thermal transmittance (U-value)
and thermal resistance is reported in the ISO 9896:2014. In order to compare the U-values of
the retrofitted and the non-retrofitted walls, the measurements were carried out
simultaneously. A preliminary thermographic survey was performed to assure that the wall
portion selected for the monitoring was sufficiently uniform and not affected by thermal
bridges (Figure 3a). The internal and external air temperature values were measured by means
of Type-T thermocouples. Moreover, heat flux plates (HFP01), glued on the inner side of the
walls,were used to measure the heat flux densities and then, after at least 72 h of
measurements, to assess the U-value by using the average method described in the ISO 9869
standard. The comparison of the U-values measured in the reference and in the retrofitted
walls allowed determining the thermal performance improvement achievable by adopting the
thermal insulating plaster. Furthermore, the equivalent thermal conductivity of the thermal
insulating plaster layer was calculated according to Eq. (1).
𝜆𝜆𝑒𝑒𝑒𝑒 = 𝑡𝑡/ (

1
1
−
) [𝑊𝑊⁄𝑚𝑚𝑚𝑚 ]
𝑈𝑈𝑝𝑝𝑝𝑝𝑝𝑝 𝑈𝑈𝑟𝑟𝑒𝑒𝑒𝑒

(1)

Where: t is the plaster layer thickness [m]; Uplt is the thermal transmittance of the plastered wall [W/m2K]; Uref is
the thermal transmittance of the reference wall [W/m2K];
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In the different case studies, the measurements were carried out for a period longer than
those required by the standard. Moreover, since some façades are south-east oriented, the data
adopted for the calculation correspond to the period with low solar radiation and external
temperature.

a)
Figure 3. a) a thermographic survey carried out on the Ex Albergo di Virtù (picture from Bianco et al. 2015).

3.3 Results
3.3.1

Results of Plaster A

Figure 4 report the data of the U-value for the wall retrofitted with the plaster A (vegetalbased). The measurement was performed for 19 consecutive days. The thermal transmittance
value achieved at the end of the monitoring period was 0.56 W/m2K. Considering a U-value
of about 0.8 W/m2K (estimated by EN ISO 6946 standard) for the reference wall, a reduction
of about 30% can be underlined. Moreover, the equivalent thermal conductivity of the thermal
plaster layer was determined according to eq. (1), so the estimated in-field actual conductivity
(~0.116 W/mK) showed an increase of ~30% if compared to the laboratory value (0.09
W/mK). This thermal performance reduction can due to higher moisture content in the
installed plaster compared to the one tested in the laboratory. Indeed, for this case study, it is
worth to be highlighted that the drying process was still in progress during the testing phase
and the wall U-value was slightly still decreasing.

Figure 4. Thermal transmittance measured for the wall retrofitted with the plaster A.

3.3.2

Results of plaster B

The plastered and bare walls used for the thermal transmittance assessment of plaster B were
monitored for 4 days and the results of the monitoring campaign are reported in Figure 5.
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The plastered wall reached a U-value of ~0.80 W/m2K that is the 45% lower than the
value achieved by the bare wall (~1.43 W/m2K).
The equivalent thermal conductivity calculated for the perlite-based thermal plaster
reached a value ~0.092 W/mK that is ~10% higher than the values measured in the laboratory.

Figure 5. Thermal transmittance measured for the wall retrofitted with the plaster B.

3.3.3

Results of Plaster C

The aerogel-based plaster was monitored for more than one month. However, only one
reference week was selected for the analysis because of the more suitable boundary
conditions. Thermal transmittance values for both the bare and retrofitted wall were measured
and reported in Figure 6. It is noticeable a thermal transmittance reduction of ~60%, indeed
the reference wall shows a U-value of ~0.99 W/m2K while the retrofitted wall reached a Uvalue of 0.42 W/m2K. The thermal conductivity of the plaster layer that was calculated from
the U-values of the two walls, was ~0.033 W/mK, that was about 17% higher than the value
measured in laboratory conditions.
1.20
U-value [W/m2K]

1.00
0.80
U ref

0.60

U
U int
Plt490

0.40
0.20
0.00
01/04/19

02/04/19

04/04/19

06/04/19

08/04/19

Figure 6. Thermal transmittance measured for the wall retrofitted with the plaster C.

4

Discussion

The laboratory tests performed on different thermal insulating plaster samples highlighted, as
expected, a decrease of the thermal conductivity due to the addition of lightweight (vegetal,
perlite and aerogel) aggregates in the formulations.

228

Stefano Fantucci, Elisa Fenoglio, and Valentina Serra

The in-situ measurements performed for the vegetal based plaster (~60 mm thick layer)
have shown a decreasing of the U-value of about 30% respect to the non-retrofitted wall.
Nevertheless, for this case study, it should be highlighted that the measurement was carried
out when the material was still losing moisture. The perlite-based plaster shows a reduction of
the U-value of about 45% (~50 mm thick layer). As expected, the plasters with a lower
thermal conductivity (aerogel-based) allowed the achievement of the higher thermal
transmittance reduction, up to 60% with a thinner layer (~45 mm). Comparing the nominal
thermal conductivity values measured in the laboratory with the actual equivalent thermal
conductivity determined through the monitoring campaign, an increment between 10% and
30% was highlighted a slight decrease in the thermal performance.
This performance decrease can be mainly related to different reasons: i) the high in-field
measurement uncertainty; ii) the different drying stage of the three analysed plasters; iii) the
different temperature and the higher moisture content of the in-field monitored plaster
compared to the laboratory measurements. The latter reason can be explained since the
material tested in the laboratory were dried before the test and the measurements were carried
out at 10°C (mean temperature). Nevertheless, the results demonstrate that the adoption of the
thermal insulating plasters are a suitable solution for the energy retrofit of existing buildings.

5

Conclusions

The thermal plaster formulations tested in this study were made up of different mineral
(perlite), vegetal and super-insulating (aerogel) lightweight aggregates. The thermal
conductivity measurements carried out in the laboratory have shown a significant decrease in
the thermal conductivity by adding these LWA. Thermal conductivity values between 0.09
W/mK to 0.027 W/mK were achieved; as expected the lower is the thermal conductivity of
the LWA adopted, the lower is the final thermal conductivity of the plaster.
The in-field applications and measurements, on three demonstration buildings, were
performed for each plaster formulations to determine the benefit achievable in terms of
thermal transmittance reduction. The promising results, that were achieved in the laboratory,
were confirmed by the monitoring campaign: a reduction of thermal transmittance between
30% to 60% was measured for the different plaster.
Comparing the nominal thermal conductivity values measured in the laboratory with the
actual equivalent thermal conductivity determined through the monitoring campaign, an
increment between 10% and 30% were highlighted. This decrease of performance was mainly
due to higher moisture content and different temperature at which the plasters were exposed.
From these analyses, it is possible to underline that the characterisation of the thermal
conductivity at different temperatures and moisture content are necessary to properly evaluate
the actual thermal performance and allow more conscious evaluation among different retrofit
alternatives.
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Abstract. Within the framework of the European project Wall-ACE a large-scale laboratory test
(EOTA-Wall Test) was performed. Additional a test field in Switzerland was equipped with six different
aerogel renders by the project partner AGITEC. Laboratory walls and test field were equipped with
sensors to monitor in real-time climate, heat flux, temperature, relative humidity, and at the laboratory
tests additional material moisture. The data allow calculating U-values and material parameters as well
as drying behaviour of render and substrate. During and after the artificial weathering in laboratory
the renders were subjected to visual inspection and mechanical adhesion tests. The performance of the
aerogel renders will be assessed and compared with results on conventional insulation renders.
Keywords: Aerogel, External Insulation.

1 Introduction
As the European Union (EU) requires an improvement of 27% regarding the buildings energy
efficiency by 2030 (European Commission), the development of innovative technologies to
improve the performance levels of the building envelop is encouraged. In this sense, the
Horizon 2020 project (Wall-ACE, 2016) aimed to develop a package of new advanced aerogelbased insulation products and systems that could be used to strengthen the competitiveness of
Europe through innovation and excellence. Among the developed products was an external high
performance insulating render, which had as goals providing a long lasting, breathable
continuous insulation layer where its thickness could be adjusted depending on the climate, on
the geographic orientation of the wall and on architectural or specific local needs (thermal
bridges, uneven walls, windows reveals, architectural constraints such as in semidetached
housing, etc.).
Within the framework of the project there were included tests to assess the efficiency and
behaviour of the different insulation systems in extreme conditions in large-scale tests and real
conditions on building scale.

2 Experimental
2.1 EOTA-Wall Test
To assess the durability of the external insulation render developed by the Wall-ACE project
partner Quick-Mix, a large-scale laboratory test (EOTA-Wall test) was performed according to
(EN 16383:2016).
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2.1.1

Test set-up

The test chamber consists of two opposing walls spaced one meter apart, with the render system
facing each other, forming an inner room that characterizes the outside conditions. On one of
the chamber sidewalls, the Quick-mix external render, an aerogel-based exterior insulation
render was applied, while on the other side a commercially available, regular perlite-based
insulation render, TRI-O-THERM, was used as a reference material. Each wall was split
vertically and was made up of bricks on one side and concrete blocks on the other, measuring
in total 4.0 x 2.1 m (length x high). Therefore, it can be considered that four walls were under
investigation, named here from A to D, see Figure 1.

Figure 1. Left: Aerogel render wall (A, B), perlite render wall (C, D). Right: EOTA test rig and monitoring
system.

The set-up of both walls are as following: 1 Substrate: bricks or concrete blocks, 2 adhesion
layer (concrete blocks), 3 exterior insulation render: two layers of around 3 cm of aerogel or
perlite render, 4 two layers of supporting plaster together with a reinforced mesh in the first
layer, 5 hydrophobic final coting. Such solution is necessary to ensure both mechanically
stability and protection from weathering and mechanical impact.
2.1.2

Durability test – weathering cycles

The large-scale test walls were exposed to weathering cycles according to (EN 16383:2016),
which are grouped into heat-rain, heat-cold and heat-rain-cold cycles, see Figure 2. Lasting on
average 84 days, the ageing test offers harsh conditions with a 90°C temperature range and
1.5 l/m²min amount of water during the rain cycles.
2.1.3

Material moisture and temperature monitoring

On each of the four monitored walls, one concrete or brick block equipped with impedance and
hygro-thermal sensors was placed among the layered blocks (Figure 1). Impedance sensors,
which consist of two probes (screws or thread rod) surrounded with a conduction rubber at a
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proximity distance of 1.5 cm were incorporated in the bricks, joints and exterior render layers.
Additional, hygro-thermal sensors were installed as well and covered with a porous tube or with
a glass fibre tape. The used hygro-thermal sensors (Sensirion SHT25) have a small size
(3x3x1.1 mm) and a resolution of ±0.2 K and ±1.8% RH.

Figure 2. EOTA weathering cycles.

A cross-section of the walls with their corresponding materials and thickness as well as the
positioning of the different sensors is shown in Figure 3. Furthermore, heat flux sensors
(Ahlborn, FQA018C, type 118) were added at the tested walls. Together with the surface
temperature measurements, the wall thermal resistance or U-value, according to (ISO 98691:2014) was determined before and after the weathering cycles.

a)

Brick walls (A and C)

b)

Concrete block walls (B and D)

Figure 3. EOTA test – walls sections (A-D).
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2.1.4

Adhesive strength

Adhesive strength between insulation render and substrate was tested according to (ETAG
004:2013, Section 5.1.4.1.1, Paragraph 2). Adhesive strength was tested after the weathering
cycles for both renders: developed aerogel-based and commercially available TRI-O-THERM.
Results of adhesive strength before weathering cycles represent initial adhesive strength. For
testing of adhesive strength, square test surfaces with 50 mm edge length was chosen. The edges
of the test surfaces (50 mm edge length) were dry-cut through the insulation render until
substrate surface. A metal plate with an edge length of 50 mm was glued to each test surface
using a 2-component adhesive based on epoxy resin. After sufficient hardening of the adhesive,
the metal plate was pulled off using a pull-out testing device, see Figure 4.

Irregular

A

B

Figure 4. Testing of adhesion to the substrate: Glued tension plates on specimen surface and possible failure
modes (from left to right): (Irregular) failure along glued Surface, (B) specimen failure, (A) adhesion failure.

2.2 Test Field
2.2.1

Case description

Different aerogel based exterior renders were spread over a south-oriented wall at storage and
office building to both monitor their behaviour at a real building site and to pursue a comparison
study to evaluate its performance. The wall under investigation stand to the left of the main
entrance of AGITEC industrial shed building, located in Dällikon - Switzerland, close to the
Zurich (47°26'44.3"N 8°26'26.2"E).
In details, the industrial shed area is the ground floor of the building with a total height of
7.07 m, and gross external dimensions of 15.20 m x 39.32 m. It has a prefabricated concrete
structure, composed of pillars spaced every 6.5 m. Moreover, the warehouse has MDF and
plasterboard partitions, both vertical (internal walls) and horizontal (floor slabs), thus creating
small deposits in its interior space. These deposits have an average height of 3.10 m.
Regarding the analysed materials, four commercially available aerogel renders (anonymized
data: A to D), and Quick-Mix Wall-ACE renders 1&2 (Figure 6) are studied. Firstly, the four
commercially available aerogel renders (A-D) were applied to the industrial shed south façade
with an area of 5.5 m² each. Later on, Quick-Mix Wall-ACE renders 1&2 were applied
alongside the others, having an area of respectively 23 m² and 10 m². The application followed
the following scheme: 1 cleaning, primer and roughcast for adhesion, 2 two layers of aerogel
insulation render by machine spraying, 3 two layers of supporting plaster (the same for all walls)
together with a reinforced mesh in the first layer, 4 final coting.
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Figure 5. Floor plan: AGITEC storehouse. Feature test walls, sensors and installation.

2.2.2

Monitoring

Both environment/boundary conditions and walls elements were equipped with sensors to
allow, through on-site measurements, an in situ thermal characterization and consequently, a
performance analysis of the different aerogel render products under investigation.
For this, air temperature and relative humidity sensors were installed outside, inside the
warehouse and stock (Sensirion STH25), and at both interior and exterior wall surfaces
(Sensirion SHT31). Heat flux sensors (Ahlborn, FQA018C, type 118) were also installed at the
inner side for all tested materials, and additionally between the Quick-Mix Wall-Ace exterior
renders and the substrate wall. Besides that, sensors to measure global solar radiation (W/m²)
and wind speed (m/s) were installed to assess the outside weather conditions. All sensors were
placed approximately at 1.5m high (see Figure 6). However, the presence of outdoor weather
conditions configures a challenge to estimate a stationary parameter such as thermal resistance.
Moreover, the average method, described in ISO 9869-1:2014, requires walls not exposed to
direct solar radiation, which is not the case here.
Furthermore, it is emphasized that the composition of the storehouse walls differ from each
other, presenting distinct thicknesses and materials, according to their location (Figure 1),
which also has different heights (warehouse= 7.07 m and stock=3.10 m). All these factors make
an instant comparison between the renders difficult.

3 Results and Discussion
3.1 EOTA-Wall Test
3.1.1

Material moisture and temperature monitoring

The temperature difference across the brick and concrete block walls (∆T=°C), as well as both
heat flux (W/m²) and Impedance (MΩ) measured at the exterior insulation render layer are
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shown in Figure 6. After certain weathering cycles the plasters showed a moisture uptake in the
impedance measurements. Such behaviour should be omitted in the final product development
due to the risk of frost cracking.

Figure 6. Temperature difference (℃), heat flux (W/m²) and Impedance (MΩ) measured during the EOTA test:
(a) Wall A and B (Wall-ACE Quick-Mix Aerogel render); (b) Wall C and D (TRI-O-THERM render).

3.1.2

Adhesive strength

Results of adhesive strength (determined from the maximum load and the area of 2500 mm²
subjected to tensile stress) are given in Table 1. It can be seen that average adhesive tensile
strength of aerogel-based exterior insulation render was 33-60% lower after ageing compared
to initial adhesive strength. These values (strength after ageing) are comparable with adhesive
strength of TRI-O-THERM after ageing. The failure was 100% in the insulation render in all
tests.
Before the start of the EOTA-Wall Test, the test wall was checked for its initial condition.
No defects were found during the initial inspection.
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Table 1. Results of adhesive strength
Substrate

Render
type

Testing time

Hollow brick
Light weight concrete
Hollow brick
Light weight concrete
Hollow brick
Light weight concrete

QUICKMIX
WALLACE

Before ageing
Before ageing
After ageing
After ageing
After ageing
After ageing

TRI-OTHERM

Adhesive
strength
[N/mm²]
0.009
0.005
0.003
0.003
0.004
0.004

Failure mode
Specimen failure
Specimen failure
Specimen failure
Specimen failure
Specimen failure
Specimen failure

The test wall surface was observed during the EOTA test for changes such as cracks,
chipping of surface, etc. Only minor chipping of surface was present after EOTA test.
Furthermore, crack propagation (crack length/crack width) was observed for each window.
Crack propagation is similar for both renders. Crack width is never bigger than 0.15 mm which
is a sign for positive behaviour of tested systems.
3.2 Test Field
The weather data obtained from the experimental campaign (20/05/19 – 20/09/19) are shown
in Figure 6. External conditions or outside environment measured by the sensors presented an
average 26.5°C of air temperature, 52% of air relative humidity and 743 W/m² of global
radiation since the analysed walls face south.
The completion of the Quick-Mix Wall-ACE render 2 applications is highlighted in the
chart. Furthermore, in Figure 8 it is possible to follow the drying process of the material by
reading the humidity between the brick and the render layer. By mid-September it is clear that
the material is still damp. A U-value estimation is foreseen for the winter season 2019/2020.

Figure 7. Environmental data at test side.

4 Conclusions
The large scale EOTA-Wall Test, originally developed for ETICS systems, is a valuable method
to assess new developed insulation render systems. It provides a harsh environment and acts
therefore as acceleration benchmark. Additional monitoring of certain parameters (moisture,
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climate, heat flux) within the material helps to assess energy performance under such
conditions. First experiences (Frick et al., 2016) were further developed.

Figure 8. Temperature and relative humidity measured in the Quick-Mix render 2.

The field tests serve as benchmark in real conditions. The installation at the south side results
in harsher conditions with higher temperature gradients. On the other side the estimation on
energy performance parameters like U-values will be more difficult. Certain methodologies will
be tested with the monitoring data from the upcoming winter season (Nocentini et al., 2018).
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Abstract. Bio-based materials are gaining importance in the building industry, as the focus on
sustainability and life-cycle-assessment has increased substantially over the last decade. Wood and
wood-engineered products as well as insulation materials made from cellulose, wood, flax, hemp, etc.
are increasingly used. These materials are made from renewable resources and with considerably lower
energy consumption than various other building materials, such as insulation polymers, steel and
concrete. As steel can corrode and concrete can rot, so can bio-based building materials degrade over
time when exposed to those conditions that favour decay. Since fungi cause not only aesthetical
degradation, but can also severely compromise the structural integrity of a building component this is
critical for any service life approach. Consequently, a proper understanding of the fungal susceptibility
of bio-based materials is needed, both for optimal application of bio-based materials as for the design
of new materials. Based on a combination of tests we try to unravel the role of the material’s chemical
components, structure and moisture dynamics on its fungal susceptibility, as well as the interaction
between those material characteristics. In a first test set-up, the ‘paste test’, the material’s structure is
removed and fungal growth is assessed over time in 2D, with only the material’s chemical components
playing a role. In the second test set-up, the ‘X-ray CT test’, fungal development is assessed nondestructively in 3D with X-ray CT, giving an indication of moisture production and distribution over
time, in relation to the material’s structure. By comparing the results, we have a better idea of how
much each material characteristic influences fungal susceptibility. This knowledge can then be used for
optimising fungal testing of bio-based materials, ensuring optimal application and providing the
building industry with the confidence they need to pave the way to a more sustainable future.
Keywords: Bio-Based Building Materials, Material Characteristics, Fungal Degradation, X-Ray CT.

1 Introduction
The construction sector has a considerable impact on the environment as it consumes large
quantities of energy, water and raw materials (Melchert, 2007). In Europe, around 65% of all
aggregates (sand, gravel and crushed rock) and approximately 20% of all metals are used in this
sector (Herczeg et al., 2014). There is, however, a clear trend towards sustainable building
projects, both in the residential and industrial construction sector (Jones and Brischke, 2017).
Bio-based materials, in casu wood, wood-engineered products and insulation materials made
from cellulose, wood, flax, hemp, etc. are key in the sustainable building context. These
materials originate from renewable resources and hence have several advantages. They
constitute a significant carbon sink when managed sustainably and are produced by consuming
considerable less energy than aluminium, steel and concrete (Sathre and O’Connor, 2008; Jones
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and Brischke, 2017). As they are often biodegradable, they are easy to process at the end of
their service life (Ganotopoulou, 2014). The latter characteristic is, however, most unwanted
while in service. When an organic material is exposed to favourable moisture and temperature
conditions as well as to degrading organisms, its functional and aesthetic service life can
decrease. Fungi can also cause structural damage and lead to degradation of building materials
(Bertron, 2014; Dedesko and Siegel, 2015). It is, for example, well known that most wood
products used in outdoor environments must be protected against deterioration by decay fungi
(Goodell et al., 2003).
It is widely agreed that the proliferation and growth of fungi on building materials are
controlled by the presence of nutrients and sufficiently available water. Moisture problems in
buildings can for instance occur when building materials get moist during the construction
phase, due to infiltration of rain water or because of condensation (Adan and Samson, 2011).
When the environment provides a high relative humidity, porous materials can become sources
of water for microorganisms (Hoang et al, 2010; Verdier et al., 2014). Next to spatial structure
and the closely related moisture dynamics (Verdier et al., 2014), the chemical composition of
a material plays an important role in fungal susceptibility as well. For example, there are several
wood species of which the heartwood contains natural fungicidal extractives (Jebrane, 2014;
Goodell, 2003). Other less durable materials are either modified or treated with protection
products to increase their durability. For instance, solid wood and fibre products are subjected
to heat treatment, hydrophobation with oils or resins and chemical modification such as
acetylation and furfurylation to increase durability (Homan and Jorissen, 2004).
There is little detailed data available on the fungal susceptibility of bio-based materials,
except for solid wood (CEN EN 350: 2016). The most widely used laboratory method for
determining the natural durability of solid wood against wood-destroying fungi is the CEN TS
15083-1 test method (CEN TS 15083-1: 2015). Resistance of preservative-treated wood against
basidiomycetes is assessed according to the standard EN 113 (CEN EN 113: 1996). Both tests
subject wood samples (5 x 2.5 x 1.5 cm³) for 16 weeks to pure cultures of white rot and brown
rot fungi selected for their strong ability to degrade wood (CEN TS 15083-1: 2015). The
samples are weighed before and after exposure to the test fungus and the amount of mass loss
due to degradation is calculated. These standards for the assessment of the efficacy of wood
preservatives and of the inherent resistance of wood species are generally regarded to be
sufficient and adequate (Kutnik, 2013). However, these standards are typically inadequate for
the qualification of new wood products, whose durability is not enhanced with biocides but by
new technologies, such as chemically modified wood (acetylation, furfurylation, etc.),
thermally treated wood, glue-laminated wood, wood-based panels and wood treated with water
repellents (Candelier et al., 2016; Jones and Brischke, 2017; Kutnik et al., 2014; Ringman et
al., 2014; Ormondroyd et al., 2015). For example, laboratory tests are performed using
conditions optimal for the test fungus. A growth medium is used and serves two purposes: one
being nutritional support for the fungus, the other to maintain a high enough moisture content
for fungal activity. If the wood does not reach the required moisture content, the test may be
declared invalid according to the strict interpretation of the standard (CEN EN 113: 1996, CEN
TS 15083-1: 2015). However, thermal and chemical modifications change the wood-water
interactions in such a way that the resulting equilibrium moisture content (EMC) of modified
woods is lower than the equivalent non-modified wood (Candelier et al., 2016; Mai et al., 2010;
Ormondroyd et al., 2015; Ringman et al., 2014). The modified wood samples might not moisten
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fast enough during the 16 weeks testing period for the fungus to reach significant degradation.
It does not mean, however, that these materials cannot eventually become wet enough for
degradation. Kamden et al. (2002), confirmed that after a period of six weeks exposure, the
modified wood samples did become wet and noted moisture contents varying between 72% and
156%. We therefore need to contemplate whether the set-up of the standard needs to be adapted,
for instance by prolonging the test duration or increasing the initial moisture content of the
modified wood, or whether fungal degradation of modified wood needs to be observed under
the same humidity conditions as for the non-modified wood (Ormondroyd et al.,2015). This
example illustrates the importance of understanding certain material characteristics and their
influence on fungal resistance as well as the test methodology, in order to properly interpret
experimental data derived from standard tests. Consequently, further research is needed on the
intricate material-fungal relationship to gain the necessary insights for adequate adaptation of
the standard tests, both for optimal application of bio-based materials as for the design of new
materials. This is especially pressing given the lack of experience with these new materials
compared to the traditional building practice.
In this paper, we propose two tests to unravel the role of the material’s chemical components,
structure and moisture dynamics on its fungal susceptibility, as well as the interaction between
those material characteristics. In a first test set-up, the ‘paste test’, the material structure is
removed and fungal growth is assessed over time in 2D, with only the material’s chemical
components playing a role. In the second test set-up, the ‘X-ray CT test’, fungal development
is assessed non-destructively in 3D with X-ray CT, giving an indication of moisture production
and distribution over time, in relation to the material’s structure. By comparing the results, we
have a better idea of how much each material characteristic influences the fungal susceptibility.

2 Assessing the Role of Material Chemistry on Fungal Susceptibility
In the paste test, a bio-based material is grinded to a fine powder with a particle size smaller
than 0.1 mm, thus eliminating the influence of the material’s structure on fungal growth. By
mixing the powder with agar and water, we ensure that the powder is water saturated, thereby
also limiting the influence of hydrophobic components. The resulting paste is inoculated with
a wood degrading fungus and mycelial growth is assessed over time with a flatbed scanner. The
paste test thus gives an indication of how the overall chemistry, consisting of the nutritional
value and the presence of toxic components, influences the fungal susceptibility of a bio-based
material.
Figure 1 shows the mycelial development of Coniophora puteana, a common wood-rotting
basidiomycete, on four bio-based materials. A material with a low natural durability, such as
untreated beech wood, does not inhibit mycelial growth (Fig. 1 a). In contrast, a wood species
containing toxic components typically limits fungal growth, as is the case for the heartwood of
European cherry (Fig. 1 b). The paste test provides additional insights when combined with
other tests, for instance assessing the degradation of the material with the structure still intact
or of the material with its toxic components removed. In that way, we can find out the influence
of the chemistry, and to what extent the durability is due to the material’s density or hygroscopic
properties. An interesting example is thermally modified wood and derived products, which
have been chemically changed because of the wood being heated at high temperatures (Homan
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and Jorissen, 2004). Thermal modification reduces the amount of hydroxyl groups in the wood
cellulose and hemicellulose (Mazela et al., 2004). The wood-water interactions of thermally
modified wood therefore change in such a way that the resulting EMC is lower than that of the
equivalent non-modified wood (Candelier et al., 2016; Mai et al., 2010; Ormondroyd et al.,
2015; Ringman et al., 2014). Mazela et al. (2004) determined the fungal resistance of blocks of
Scots pine sapwood (Pinus sylvestris L.) subjected to different thermal and hydrothermal
treatments. They found that wood blocks exposed to thermal treatments of 190°C and 220°C
were resistant to the test fungi. They hypothesized that besides the thermal effects on wood
hygroscopicity, thermal treatment also generates toxins that could affect fungal growth. With
the paste test, we can easily verify whether the amount of toxins that are possibly formed, such
as furfural or trace quantities of lignin phenol derivates (Mazela et al., 2004), are sufficiently
present to inhibit or slow down fungal growth. Figure 1 shows an example of the paste test
performed on non-modified (c) and thermally modified (d) three-layer-plywood of spruce. In
this case, we can state that the applied modification process did not generate meaningful
amounts of toxins, as the mycelial development is not inhibited. The fungal resistance of this
particular product therefore stems from its acquired hygroscopic properties.

Figure 1. C. puteana growing on a paste of a) beech heartwood b) heartwood of European cherry c) three-layerplywood of spruce and d) thermally modified three-layer-plywood of spruce.
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3 Assessing the Role of the Material’s Structure and Moisture Dynamics on
Fungal Susceptibility
Degradation of (treated) solid wood is usually assessed by measuring the mass loss caused by
decay fungi after sixteen weeks (CEN EN 113: 1996, CEN TS 15083-1: 2015). This is an
excellent method for testing the durability of a certain wood species or the efficacy of a
preservation product, but does not offer much information on what is going on inside the wood
structure during degradation. To gain more insight into how the material’s structure and
moisture properties affect the degradation process, we propose X-ray CT to provide additional
information. X-ray CT scanning is a technology that uses X-ray projections to produce
tomographic images (slices) of specific areas of a scanned object, allowing the user to inspect
the inside of the scanned object in a non-destructive way (Li, 2016). Due to the different
attenuation coefficients between material and air, X-ray CT scanning can reveal the internal
spatial structure and density distribution of a material (Bergsten et al., 2001; Chen et al., 2010;
Freyburger et al., 2009). It therefore enables us to obtain localized information inside wood
during degradation, without disrupting the degradation process. The set-up we designed is able
to automatically scan a stack of Petri dishes, one after the other, allowing extensive testing of
the degradation process (Fig. 2).

Figure 2: X-ray CT set-up. 1) X-ray source 2) Detector 3) Stack of Petri dishes 4) PVC tube with lead cladding
5) Rotation table. a= agar medium, cp= C. puteana, p = Petri dish, g = plastic grid, r = reference material, sp = Scots pine

A first test was performed on mini-blocks of Scots pine sapwood under degradation by C.
puteana, scanned at weekly intervals with X-ray micro CT (De Ligne et al., 2019). We were
able to assess the weekly change in density for each wood block. The results are not
straightforward to interpret as a consequence of confounding effects, as several factors affect
the assessed density: moisture uptake from the agar medium and moisture production by the
fungus increase the average density profile, while water evaporation and mass loss due to
degradation decrease it. However, we were able to link increasing density to increasing
moisture content, which in turn is linked to increasing fungal activity, as fungi metabolise
sugars into carbon dioxide and water (Schmidt, 2006). To assess how the material’s structure
and density influence the fungal degradation process, we are currently performing a test on
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mini-blocks (0.5 x 1 x 3 cm³) of four wood species with differing densities: beech (Fagus
sylvatica L.) (a), gaboon (Aucoumea klaineana Pierre) (b), Scots pine sapwood (Pinus sylvestris
L.) (c) and Norway spruce (Picea abies (L.) Karst) (d). Figure 3 gives a snapshot of the
degradation process over time. Darker pixels indicate regions with low density, such as air.
White pixels show regions with high density. The white stripes in beech (a), Scots pine sapwood
(c) and spruce (d) indicate the latewood zones of the growth rings, which are denser than the
earlywood. At the start of the experiment (week 0), no degradation had taken place. White
blotches start appearing as degradation progresses over time. These regions with high density
are an indication of liquid water production by the fungus, and demonstrate an increasing fungal
activity. For Scots pine (c) and spruce (d), degradation is clearly starting from the sides of the
mini-blocks (week 1) and progressing towards the center of the mini-blocks (week 4 to 8). This
is to be expected, since the mini-blocks were cut in such a way that the transverse plane is one
the side, providing ample tracheid openings through which hyphae and water can enter the
wood.

Figure 3. CT slices showing the fungal degradation of beech (Fagus sylvatica L.) (a), gaboon (Aucoumea
klaineana Pierre) (b), Scots pine sapwood (Pinus sylvestris L.) (c) and Norway spruce (Picea abies (L.) Karst)
(d) mini-blocks over time by C. puteana. The whiter the pixels, the higher the density.

4 Conclusions and Future Perspectives
-

-
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In the paste test, the influence of the material’s structure and hygroscopic components
on fungal growth is eliminated. It thus provides insight into the role of only the material
chemistry on the overall fungal susceptibility of a material. It is currently being applied
to a wide range of bio-based materials and will provide useful insights, especially in
combination with other test methods.
The X-ray CT test is useful to gain insight into the influence of material’s structure and
moisture dynamics on its fungal susceptibility. It allows us to gather localized

Liselotte C. De Ligne, Jan Van den Bulcke, Jan M. Baetens, Bernard De Baets and Joris Van Acker

information on fungal activity during the entire degradation process, without disrupting
it.
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Abstract. New technical solutions are introduced at a fast pace in the Swedish construction industry,
mainly driven by issues concerning costs and productivity. These new technical solutions can comprise
new materials, new goods, new designs but also new processes. The record of accomplishment when
introducing new technical solutions in the industry is not unproblematic and serial failures of different
new technical solution have occurred. In an earlier interview study exploring introduction of new
technical solutions in the Swedish construction industry, a common lack of thorough methods for
evaluation of new solutions was identified. To address this issue, a case study was performed, exploring
a method of evaluation with respect to building physics while implementing a cross laminated timber
frame in a multifamily building. The case study uses a framework of assessment with focus on building
physics. This paper presents the findings from the case study focusing on how evaluation of a new
technical solution with respect to building physics is performed, together with an evaluation of the
method, using the experiences of the participants in the case study.
Keywords: Serial Failure, Hygrothermal Performance, New Technical Solutions, Risk Assessment.

1

Introduction

Introducing new technical solutions in the construction industry is a challenge. Examples exist
in the Swedish construction industry of both too slow adaptation of new technical solutions, i.e.
loss of competitiveness or not reducing emissions of greenhouse gases, and too fast adaptation,
i.e. poor quality and failure as the functional requirements are not sustained. Building physics
failures, mainly moisture related, have been reported as a significant contributor to poor quality
and related costs in the Swedish construction industry (Boverket, 2018). To systematically
address the specific problems related to introduction of new technical solutions, the term Serial
failures has been introduced defined as “Multiple cases of failure where a specific technical
solution fails to sustain the functional requirement due to reasons in the design or production
phases that could have been predicted by calculations or other assessment in the design stage.”
(Svensson Tengberg and Hagentoft, 2019)
In an interview study exploring introduction of new technical solutions in the Swedish
construction industry, a common lack of (use of) thorough methods for evaluation of new
solutions was identified (Svensson Tengberg and Hagentoft, 2019). It was also noted new
technical solutions are usually introduced and evaluated at construction project level, with the
supplier as a strong actor, providing the solution as well as related documentation.
Risk can be defined as the effect of uncertainty on objectives. Risk can be described by risk
sources and potential events as well as consequences and likelihood (ISO 31000:2018, 2018).

doi:10.23967/dbmc.2020.078
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Risk management in the construction industry typically focuses on risks in the specific
construction project. Although risk management in the construction industry complies with
relevant standards (ISO 31000:2018, 2018) (ISO Guide 73:2009, 2009) (Project Management
Institute, 2017), there is a lack of guidelines and systematic approach for selecting appropriate
risk identification techniques according to (Siraj and Robinson Fayek, 2019). In a construction
project there is a wide array of risks handled, e.g. risks related to management, commercial or
technical issues. Specifically to address risks related to building physics/moisture performance,
there is an Industry Standard, ByggaF (Mjörnell, Arfvidsson and Sikander, 2012), suggesting a
common risk identification in the design stage where all actors in the design group should
conduct a moisture risk analysis based on a checklist for each building part as a starting point.
The checklist starts from applying relevant moisture sources to the designs and assess the
(unwanted) effects on the design. A more elaborate framework for testing, evaluating and
documenting variations in performance of building envelopes was suggested in a research
project focusing on reliability through probability assessment of performance and cost (Bednar
and Hagentoft, 2015) and (Sasic Kalagasidis and Rode , 2015), see Figure 1.

Figure 1. Work Flow adapted from Annex 55 (Bednar and Hagentoft, 2015).

This framework suggests involving a team of experts, not exclusively the project team, to
perform the risk assessment and to perform the assessment methodically and transparently i.e.
well documented. In (Pallin, 2013) it is suggested to perform the risk identification using
common tools, e.g. ETA, FTA or VMEA. However, although there are suggestions of the
format of the workshop and possible risk identification tool this is not further defined.
The objective of this paper is twofold, firstly to investigate the potential of the framework
for qualitative assessment in a case study and secondly to collect data on risks associated to the
case study. This paper is a part of a research project initiated with the aim of reducing risk of
serial failure related to building physics when introducing new technical solutions in the
construction industry.

2

A Case Study

To investigate the potential of the framework for qualitative assessment, a case study was
designed. The case chosen for investigating the framework was Fulfilment of functional
requirements related to building physics using a technical solution of cross-laminated timber
in a multi-dwelling building. Cross-laminated timber was chosen as it is a relatively new
technical solution, based on a material, wood, that historically has been associated with
moisture issues. (Svenskt Trä, 2017) (Olsson, 2019). The outline of the work was performed
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according to the first two parts of the framework in Figure 1: The scope and the Qualitative
risk assessment including an expert workshop. :
•
•

•

Defining the scope. The scope is described by The system, The targets, The strategies as
well as The limitations. As the case study is not a retrofit, the existing conditions are not
relevant and therefore omitted. This material was prepared before the workshop.
Qualitative assessment, Risk identification. Preparing the expert workshop. To prepare
for the expert workshop, a three-hour pre-workshop was performed with six participants
representing the competences project management, designing engineer, moisture expert,
and building physics. The objective of the pre-workshop was to try out the format and
classifications before preparing material to the final workshop. The agenda was divided into
Introduction, Theory and objectives, followed by Risk identification firstly on a general
level and then in more detail, while discussing likelihood and consequences. As a result, a
preparation material for the expert workshop was compiled and distributed.
Qualitative assessment, Risk identification. Expert workshop. An expert workshop
constituted the core of the qualitative risk assessment, as suggested in the framework. A
four-hour expert workshop was designed , with the scope to identify and assess risks related
to building physics for the technical solution. More specific, the focus was on “Not to
exceed the critical moisture condition in the CLT structure” during production or operation
of the building. The workshop started with a presentation of the participants, introduction
to the background including an overview on risk management and objectives of the
workshop. The risk assessment was divided into two sub workshops: risk identification (risk
sources and potential events) and risk analysis (focus on uncertainties) respectively. The
two parts were summarised at the end of the day. The participants were selected to represent
key actors with different perspectives of the building process, Table 1. As researchers, the
two authors took the part of workshop leaders.
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Table 1. Workshop participants.
Profession
Gender
Profession
Project manager
M
Supplier, CLT
Design manager
F
Supplier, CLT
Construction manager
M
Supplier, CLT
Architect
F
Estimator
Designing engineer
M
Academia
Designing engineer
M
Academia
Building physics
M

•

3
3.1

Gender
M
M
M
M
M
F

Evaluating the framework. After the workshop, notes from the workshop were sent out to
the participants together with a questionnaire with a few questions concerning their
experience of the workshop, including the preparations, the different sections of the
workshop and new insights.

Results and Discussion
Defining the Scope

One of the results was the scope definition according to the framework. It was summarised
before the workshop and presented to the participants.
System. The system is defined as a five-storey multi-dwelling building with 18 apartments
in a point block, using a cross-laminated timber structure situated in the metropolitan area of
Stockholm. The building was chosen to be representative in size and type for a new Swedish
multi-dwelling building. Point blocks represents more than a third of new built multi-dwelling
buildings and four to six storeys are most common (SCB, 2019).
Targets. The target of the case study was defined as fulfilment of the building physics
requirements described as “Not to exceed critical moisture condition in the CLT structure”,
addressing both construction phase and operation of the building. Other functional requirements
according to building regulations (Boverket, 2018) should also be met.
Strategies. The anticipated design of the building is a cross laminated timber structure,
including a timber structure in exterior walls and intermediate floors as well as balconies. The
roof is assumed to be a timber frame construction. Energy performance of the building is
assumed to be according to Swedish Building Regulations with U-values for walls, roof and
windows in the range of 0.14/0.13/0.8 W/m2/K respectively (average U-value of 0.34 W/m2/K).
A wooden façade is chosen. The building is heated to 22°C. The building is heated by district
heating and an exhaust air heat pump. Air tightness of the building is expected to be 0.3 l/s/m2
at 50 Pa.
Limitations. The assessment is made on basis of the prerequisites above. If changes are
made, an update of the assessment should be performed.
3.2

Risk Identification During Expert Workshop

One of the results from the workshop was the thorough risk identification concerning building
physics. At the workshop, the main risk categories as compiled from the hand-ins were
presented and the participants were asked to supplement and adjust the risk list. In a summary
of the risk identification, the participants were asked to vote on top-5 risks of interest. The issue
that was given far most relevance was moisture during the construction phase, specifically
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Precipitation during construction. Other risks of high relevance were noted: Hygrothermal
performance of external wall (including façade), Window connections, Balconies and Walls
with membranes on both sides. It can also be noted, Water leakage from pipes was lifted as the
effects were considered highly unknown. The results from the risk identification and the voting
are shown in Table 2.
Table 2. Risk identification “To exceed critical moisture conditions in the CLT structure”. Phase and location in
the building are used as categories. Constr= Construction phase, Op= Operation phase.
Phase/location General description
Constr/General Precipitation during construction
Constr/General Material moist/damaged by other materials/construction at site
Constr/General Material moist/damaged before construction
Constr/General Inferior air and moisture tightness between elements
Op/Wall
Hygrothermal performance of external wall design (incl. facade)
Op/Roof
Hygrothermal performance of external roof design
Op/Details
Bushings in wall
Op/Details
Connection wall/base
Op/Details
Connection wall/window
Op/Details
Balconies and connection wall/balcony
Op/Details
Connection wall/roof
Op/Details
Bushings in roof
Op/Details
Fastenings in roof
Op/Wet room
Walls with membranes on two sides
Op/Wet room
Bushings in wet room walls
Op/Wet room
Fastenings in wet room walls
Op/Wet room
Indoor climate exceeds critical conditions
Op/HVAC
Condensation at pipes
Op/HVAC
Leakage through deformations
Op/HVAC
Unknows effects of water leakage
* The roof in the case study is assumed to be a timber frame construction, not a CLT construction.

3.3

Votes
18
4
1
8
6
n.a.*
1
1
4
5
0
n.a.*
n.a.*
3
0
0
0
0
0
1

Risk Assessment During Expert Workshop: Precipitation During Production

Another result from the workshop was the risk assessment of a selected risk: Precipitation
during the production phase. This risk was chosen as the participants identified it by far the
most relevant risk. For the assessment, the participants were asked to identify relevant
influential parameters and related available data/documentation as well as different types of
uncertainties. The identified influencing parameters referred to Design and material, Loads,
Production methods or to Organisational issues and were compiled in a table together with
relevant influential parameters, uncertainties and correlations. An illustrated summary of the
table with influencing parameters and a suggestion of which type of uncertainty associated with
them is shown in Figure 2. Similar tables and illustrations were also developed for the other
top-3 risks: Hygrothermal performance of exterior wall and Balconies. However, these are not
presented in this paper.
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Figure 2. Precipitation during the production phase: Ishikawa graph showing identified influencing parameters
for the risk of exceeding the critical moisture conditions. Also, anticipated type of uncertainties, unknowns and
variations in data, are noted.

3.4

Risk Assessment During Expert Workshop: Important Uncertainties/Unknowns

The third result of the workshop is the identification of important uncertainties/unknowns for
the case. After the top-3 risks with relevant influential parameters, uncertainties and correlations
had been presented, the uncertainties perceived to have the most importance were identified by
the participants:
− Unknown hygrothermal behaviour of wall (lack of data/variations)
− Unknown performance of material (lack of data/variations)
− Unknown moisture exposure and loads during construction (lack of data/variations)
− Unknown effects of water leakage during construction phase (lack of data/variations)
− Compliance to design and moisture routines (lack of data)
− Knowledge in the organisation (lack of data)
− Responsibility of different actors (lack of data)
3.5

Workshop Experiences

In the pre-workshop, valuable reflections were made. The suggested agenda was slightly
changed, as the introduction was extended to create common understanding. The grouping of
risks was added as an activity and thus, the continued risk description was left with less time
for estimation of likelihood and consequences of identified risks. Also, the participants
perceived the ranking of likeliness and consequences as difficult. Another experience was that
several issues were lifted by the participants, where the level of uncertainty was low, but
solutions had impact on other objectives (primarily costs but also other functional
requirements). The insights from the pre-workshop resulted in a more thorough preparation
material including a hand-in of three to five risks. The material was distributed to the
participants two weeks in advance. The objective of the preparation material was to reduce time
spent on these issues at the workshop.
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At the main workshop the participant expressed their expectations. More than half of the
expectations were oriented towards possibilities and finding solutions in general or to find a
solution for a specific issue, i.e. the issue of moisture during the construction phase: “Is there
need for weather protection?”. Other expectations on the workshop were to know more about
the uncertainties of the technical solution in general or to be able to quantify the costs related
to risks. One of the participants expressed a wish to be able to “…follow the risks from design
to production.” At the end of the workshop, the participants agreed on that many of the
expectations were met and that the workshop had provided a greater understanding and
awareness of risks in general, and of the three selected risks specifically.
Eight out of eleven answered the survey after the workshop. The answers indicate a strongly
positive experience of the workshop. The participants valued the overall experience of the
workshop as good or very good (3 and 5 respectively), and most participants indicated that the
workshop gave a lot of new insights in the subject. There were different opinions on the length
of different parts of the workshop, with a slight tendency to experiencing the risk assessment
and the summary as too short. The preparation material was perceived as helpful or very helpful,
but a few of the participants had not had the time to use it.

4

Conclusions

The general perception of the workshop format was positive, and the expert workshop was
perceived to give a lot of new insights to the participants.
Setting up appropriate boundary conditions of the workshop is important. The scope of the
initiated workshop was broad, aiming at identifying relevant issues for multi-dwelling buildings
using a cross-laminated timber structure. A broad topic will give results on a “landscape level”,
while a targeted topic will give more developed and detailed results. In our case, we only
analysed part of the material at the workshop, leaving part of the material for later analysis.
Preferably, the workshop is repeated on increasingly more detailed level throughout the process.
A well-prepared workshop with preparation material and hand-ins will help the process,
starting from a more advanced level, spending less time on background or trivia.
Likeliness and consequences of different events are perceived difficult when introducing
new technical solutions. This was handled at the workshop with focusing on establishing a
thorough list of relevant uncertainties.
The different competences at the workshop were perceived as a prerequisite to enable a
fruitful risk identification.
4.1

Future Work

Future work will take two main paths:
− Continued analysis of the case study. Analysis of the data collected will result in a
thorough qualitative assessment and in a quantitative assessment in line with the
qualitative assessment, with the aim to address and reduce risks in multi-dwelling
buildings with CLT.
− Continue to the adaption of the framework to the scope of introducing new technical
solutions in the Swedish construction industry, by continuing the case study of multidwelling buildings with CLT and possibly extend with other case studies.
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Abstract. The most commonly used wall coverings are still, undoubtedly, plasters and renders, whether
lime-based or cement-based, whether traditional and prepared in-situ or pre-dosed. In accordance with
the available standards, the characterization of these mortars is made on laboratory test specimens,
with dimensions, curing conditions and test procedures according to the prescribed. However, when
applying these mortars to the real substrates, their behaviour will not be the same. After application of
the mortar to the substrate, an interface will be formed, and the interactions that occur after the contact
of the mortar, still in the plastic state, with the substrate will change over time due to the hydration
kinetics and absorption of the substrate. It is very important to know the real behaviour of mortars after
application, in order to ensure their durability. A research project is being developed to analyse the
proper behaviour of mortars after application to the substrates. In order to characterize a mortar after
application to a substrate, it is necessary to detach it. The introduction of a fiberglass grid in the mortarsubstrate interface makes the detachment easier. The purpose of this study is to determine if the
placement of this grid will influence the characteristics of the applied mortar. For this, an experimental
campaign was carried out, comparing the characteristics of two mortar formulations, applied to
different types of substrate (without introduction of the fiberglass grid), with the characteristics of these
mortars applied to the same substrates, but with the introduction of a fiberglass grid at the interface
mortar-substrate. In this paper, we present the results obtained for some of the physical and mechanical
characteristics of cement and hydraulic lime mortars.
Keywords: Mortars, Substrates, Interface, Durability, Fiberglass Grid.

1 Introduction
Mortar based coverings are widely used in all types of constructions, whether new or old, in
need of rehabilitation or requalification. When we talk about exterior coverings, we are talking
about the outermost layer of protection of these constructions, i.e. the layer that will contribute
most strongly to their durability. There is an increasing variety of available solutions, and it is
very important to ensure the quality of the applied mortars, since they must contribute to the
habitability, comfort and durability of buildings. In recent years, much research has been
conducted to increase knowledge on the behaviour of different types of mortars and to develop
new formulations incorporating new products, so that one can always make the best choices,
regarding the type of mortar to be used, its composition and characteristics.
The choice of the mortar that is best suited to the real situation is based on its various
properties, which are determined in laboratory, following all applicable standards, particularly
with respect to the dimensions of the test specimens, curing conditions and test methodology.
After the mortar has been selected, it is applied to the real substrate — and there are various
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types of substrates, such as hollow brick, solid brick, pre-cast concrete, concrete blocks, natural
stone, among others. It is known that inter-layer adhesion is one of the key performance
indicators of multi-layer systems. The behaviour of mortars depends on the adhesion between
the substrate and the mortar itself. This is one of the characteristics that will influence the
properties and behaviour of the mortar (Moropoulou et al., 2000).
When applying a mortar to a real substrate, which will always have some porosity — unlike
the laboratory moulds where the specimens that are used to characterize mortars are made,
which have virtually no porosity —, an interaction will occur between the two surfaces. The
contact between these two elements occurs with the mortar still in the plastic state. When this
contact occurs, part of the mixing water, containing dissolved components of the binder, is
absorbed by the substrate and penetrates its pores and/or discontinuities. Inside the pores of the
substrate, hydration phenomena of cement/lime occur. After this penetration into the substrate
and during the subsequent mortar hardening phases, the mortar is subjected to real climatic
conditions, which may be quite different from the curing conditions recommended by the
mortar characterization standards.
From the foregoing, it can be concluded that the same mortar moulded into specimens and
hardened in the laboratory, under standard curing conditions, when applied to real substrates
subjected to real climatic conditions, will not acquire equal characteristics. Thus, in order to
choose a mortar more rigorously, it is very important to predict the behaviour of the mortar after
application to the substrate.
With the objective of being able to estimate the characteristics of the mortars applied to a
substrate, using the mortar characteristics determined in laboratory conditions, a research
project funded is under development: IF MORTAR.
The aim is to compare, for the same mortar, the characteristics analysed in laboratory
specimens with the characteristics determined after application to the substrates. For this, it is
necessary to apply the mortars to the substrates and, after hardening, to detach and analyse
them. To facilitate the detachment of these mortars, a fiberglass grid has been introduced
between the mortar and the substrate. However, a question arises: will the introduction of the
grid change the characteristics of the applied mortars? To answer this question, a preliminary
experimental campaign was carried out, comparing the characteristics of the mortars applied to
the substrates, with and without the application of the grid. Until now only two prescribe
mortars were analysed, but the intention is to also analyse design mortars.

2 Experimental Campaign
2.1 Introduction
The experimental campaign developed aimed to analyse the behaviour of cement and hydraulic
lime mortars applied to hollow ceramic brick substrates, in two different conditions: with and
without the introduction of a fiberglass grid between the mortar and the substrate.
For this, a fiberglass grid was applied to half of the hollow brick substrates. Then, all the
brick substrates were moistened and a 1.5 cm mortar layer was applied (Figure 1).
The following mortars were selected for the experimental campaign:
- Cement mortar, with a 1:4 cement to sand ratio, by volume;
- Hydraulic lime mortar, with a 1:3 lime to sand ratio, by volume.
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Both mortars were formulated in the laboratory.

Figure 1. Application of the mortar to the substrate.

2.2 Specimens and Tests
The experimental campaign began with the execution of 40x40x160 mm3 prismatic specimens,
for the determination of the bulk density, open porosity (NP EN 1936:2008), capillary water
absorption (ISO 15148:2002) and compressive strength (EN 1015-11:1999), and cylindrical
specimens (100 mm diameter and 15 mm thickness) for the determination of water vapour
permeability (NP EN 1015-19:2008 and ISO 12572:2016) (Figure 2).
After the detachment of all mortars from the substrates, specimens of appropriate dimensions
for the respective tests were cut. Given the thickness of the applied mortars (1.5 cm), it was not
possible to obtain specimens with the exact dimensions indicated in the standards. Therefore,
instead of 40x40x160 mm3 specimens, 40x40x15 mm3 specimens were used for the
determination of bulk density, open porosity, capillary water absorption and compressive
strength. For the determination of water vapour permeability, cylindrical specimens with
100 mm diameter and 15 mm thickness were used.
After the execution of the laboratory specimens and application of the mortar layer on the
substrates, all specimens were subjected to the following standard curing conditions: 20ºC and
95% RH, for 7 days, and 20ºC and 65% RH, for another 21 days.

Figure 2. Test specimens.
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The results of the tests carried out are presented and commented in the following section.
Even though the main objective is to compare the behaviour of the mortars applied to the
substrate, the results obtained for the mortars hardened in the laboratory moulds are also
presented.
2.3 Presentation and Analysis of Results
2.3.1 Bulk density and open porosity
The determination of the bulk density by the geometric method, which translates the simple
direct relationship between the dry mass of a specimen and its apparent volume (volume limited
by the outer surface of the specimens, including all voids) and the determination of the open
porosity, which represents the relationship between the open pores volume and the apparent
volume of the specimen, was conducted according to the standard. Figures 3 and 4 show the
medium values and standard deviation obtained for bulk density and open porosity,
respectively, for the specimens hardened in the moulds and for the specimens hardened on the
substrates (with and without grid). It can be seen that the open porosity of the mortars decreased
and the bulk density increased, after application to the substrates, as was expected.
When comparing the results of the mortars applied with the grid with those of the mortars
applied without grid, it can be seen that they are very similar, i.e. the presence of the grid does
not affect the results obtained.
2.3.2 Capillary water absorption
The water absorption coefficient gives an indication of the water absorption capacity of a mortar
when placed in contact with a water film. The results obtained for the water absorption
coefficient, for all the mortars, are presented in Figure 5. Once again, it can be seen that the
application of the mortars to the substrate changed this parameter, causing it to decrease. It is
also possible to observe that the difference between the results corresponding to the two
conditions of application (with and without grid) is small.
Bulk density (kg/m3)

1951

1944
1890

1899

Lime mortar

Lime mortar

Lime mortar

In moulds

With mesh

Without mesh

1882
1820

Cement mortar Cement mortar Cement mortar
In moulds

With mesh

Without mesh

Figure 3. Bulk density.
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Open porosity (%)
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Without mesh

Lime mortar

Lime mortar
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Figure 4. Open porosity.

Water absorption (kg/m2.min 0.5)
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mortar

With mesh Without mesh

Lime mortar Lime mortar Lime mortar
In moulds

With mesh Without mesh

Figure 5. Water absorption coefficient.

2.3.3 Water vapour permeability
The water vapour permeability coefficient, which reflects the ability of a material to be
traversed by water vapour, was determined using the wet cup method.
Figure 6 shows the water vapour permeability coefficient results obtained for all the mortars.
The application of the cement mortar to the substrate led to a decrease in its water vapour
permeability, while the application of the hydraulic lime mortar led to an increase of this
parameter. In the case of the cement mortar applied to the substrate without grid, it was not
possible to detach specimens for this test due to the high cohesion of the mortar to the substrate.
For the hydraulic lime mortar, it was verified, once again, that the difference between the results
of the detached specimens with and without grid were not significant.
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Water vapour permeability (x10^-11 kg/m.s.pa)

1,846986

1,827657

1,505778

1,286051

1,077654

Cement mortar

Cement mortar

Lime mortar

Lime mortar

Lime mortar

In moulds

With mesh

In moulds

With mesh

Without mesh

Figure 6. Water vapour permeability.

2.3.4 Compressive strength
As it is not possible to cut specimens of sufficient size for the flexural test from the mortar layer
applied to the substrates, only the results obtained for the compressive strength are presented
here. The compressive strength is obtained by applying a compressive force (until failure)
centred on the application area of 40x40 mm2.
The compressive strength was determined on specimens measuring 40x40x15 mm3, both for
the mortars hardened in the laboratory moulds and for the mortars applied to the substrates.
Figure 7 presents the results obtained. It can be seen that the application to the substrates
increased this property and that the introduction of the grid does not have great influence on the
results.
Compressive strength (MPa)

21,37

23,61

14,8
9,52

6,93
Cement
mortar
In moulds

Cement
mortar

Cement
mortar

With mesh Without mesh

11,16

Lime mortar Lime mortar Lime mortar
In moulds

With mesh Without mesh

Figure 7. Compressive strength.

3 Conclusions
In order to choose a mortar in a more sustained way, regardless of its intended purpose, it is
essential to know its behaviour, i.e. to know all its properties. These properties are determined
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on mortars hardened in moulds, in the laboratory, in accordance with the applicable standards.
The mortar in service, i.e. after application to the substrate, will acquire different properties
from those determined in the laboratory, because the application conditions, interface
characteristics, curing conditions, etc., are different from those considered in the laboratory.
To have knowledge of the in-service characteristics of mortars, it is necessary to apply them
to the substrates, wait for them to harden, detach them from the substrates and, finally, analyse
them.
Mortars are applied to the substrate in the plastic state and, when hardened, will adhere to it.
The greater their adherence to the substrate, the more difficult their detachment will be. To
facilitate this detachment, a grid can be introduced between the substrate and the mortar, but it
is important to know whether this grid will affect the final properties of the mortar. The main
objective of this work was thus to analyse the influence of the presence of a fiberglass grid,
placed between the mortar and the substrate, on the properties of the applied mortars.
The experimental campaign conducted, which included the analysis of the influence of the
presence of the fiberglass grid in the behaviour of cement and hydraulic lime mortars,
concluded that the properties of the mortars do not change significantly due to the presence of
this grid.
In fact, it was observed that the presence of the gird caused a slight increase in open porosity
which also slightly increased water absorption and vapour permeability.
Although it was not the main objective of this work, the behaviour of the two mortars
moulded in the laboratory moulds was also analysed and compared with the behaviour of the
mortars applied to the brick support. Observing the obtained results, it was possible to conclude
that the application of the mortars in the support caused the increase of the bulk density and the
decrease of the open porosity. The behaviour face to the presence of water was also affected.
The water absorption coefficient also decreased. This behaviour is in line with what was
expected because when the mortar of the fluid state comes into contact with the brick support,
which is a porous material, part of its mixing water with the finer particles dissolved are
absorbed and penetrate into its pores. This decrease in the amount of water causes lower
porosity with the consequent increase in bulk density and decrease in water absorption.
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Abstract. The objective of the present work is to analyze the influence of the lightweight concrete block
support on the physical and mechanical characteristics of the applied mortar. This work aims to
understand how the physical and mechanical properties of the mortar are modified by the support. The
methodology used consisted of conducting laboratory experimental tests to compare the behavior of
mortar molded in standard moulds with the behavior of mortar applied to lightweight concrete block
supports. Open porosity, bulk density, capillary water absorption, water vapor permeability and
compressive strength were studied. These results have shown how the support influences the
characteristics of the mortar, improving the understanding of the performance of the applied mortar.
This study provides a global approach to the assessment of mortar characteristics, considering the
analysis and comparison of mortar applied to the support and molded in the laboratory, according to
current standards. Such understanding may contribute to the reassessment of the way mortars are
produced, seeking to optimize their characteristics and compatibility with the support.
Keywords: Mortar, Support, Performance, Lightweight Concrete Block.

1 Introduction
Coating mortars have an important role in protecting buildings from degradation agents (FloresColen, 2016). One of the most important in-service degradation agents is water, which can lead
to physical, chemical and, in some cases, mechanical deterioration (Addleson, 1991). Thus, the
performance of coating mortars is influenced by water capillary absorption, hygroscopic
moisture content, water permeability, diffusion of water vapor, porosity, soluble salts content
and propensity for the growth of microorganisms (Flores-Colen, 2013).
Therefore, it is very important to ensure the quality of the applied mortars, as they contribute
significantly to the durability of buildings. For this, it is important to use mortars that are
compatible with the supports and that will ensure adequate protection to the building. Thus, low
water permeability, good water vapor permeability, good adhesion to the substrate, deformation
capacity, among others, are sought (LNEC, 1968; Flores-Colen, 2009; Martins, 2008; Arromba,
2011).
The influence of different factors on the behavior of mortars, such as the quality of the
binder, aggregate particle size, water-binder ratio, application conditions, and dosage, have
been extensively studied (Torres, 2014; Veiga, 2005; Veiga, 1998; Valente, 1996). However,
there are still few studies on the influence of the support on mortar characteristics (Torres,
2014). This work aims to contribute to this knowledge.
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This research intends to identify how the lightweight concrete block support influences the
performance of the applied mortar, considering that the applied mortar is in different conditions
than those of mortars hardened in laboratory molds. Thus, the understanding of the
characteristics of the applied mortar and the possibility of creating a correlation with the
characteristics of the mortar hardened in laboratory molds, may enable a greater compatibility
of the mortar with the support and provide data for the optimization of mortar composition.
Such understanding may help to increase the in-service durability of mortars.

2 Materials and Methods
2.1 Materials
In this experimental campaign, the following materials were used: lightweight concrete blocks,
with Leca expanded clay aggregates, with dimensions of 50 x 20 x 10 cm³, CEM II / BL 32.5N
cement and sand with well-distributed granulometry. For the cement mortar preparation, a
cement/sand ratio of 1:4, in volume, and a water/cement ratio of 1:1, in weight, were used.
2.2 Methodology
A laboratory experimental campaign was carried out, for the comparison of
the characteristics of the cement mortar hardened in standard laboratory metallic molds and
the characteristics of the cement mortar applied to (and later detached from) lightweight
concrete block supports.
For the execution of the tests and comparison of the results, the mortars hardened in the
standard molds (with dimensions of 40 x 40 x 160 mm³) were cut into slices of 40 x 40 x 15
mm³, thus having the same dimensions of the mortar samples applied to the support and later
detached.
To prepare the applied mortars, wooden molds were made in order to ensure a constant
thickness (1.5 cm) of the mortar applied to the lightweight concrete block support, according to
figure 1.

Figure 1. Lightweight concrete block with wooden frame and applied mortar.

As an initial step, the bricks were dried until mass stabilization, and, before applying the
cement mortar, each support was wetted by spraying 100 ml of water.
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The tests were performed after 28 days of curing. The curing was carried out according to
the indications of EN 1015-11: 1999, both for the mortar hardened in the molds and for the
mortar applied to the supports. The curing conditions were as follows:
• First 2 days: temperature of 20ºC +/- 2ºC, inside of a polyethylene bag (in the mold);
• Next 5 days: temperature of 20ºC +/- 2ºC, inside of a polyethylene bag (demolded);
• 21 days remaining: temperature of 20ºC +/- 2ºC, relative humidity of 65% +/- 5% (without
the mold).
The tests carried out in this experimental campaign are listed in table 1. The results presented
in the following sections refer to the average of results obtained in tests carried out on three
specimens.
Table 1. Tests conducted and standards followed.

Test

Standard

Water absorption by capillarity

ISO 15148:2002

Open porosity

NP EN 1936:2008

Bulk density

NP EN 1936:2008

Water vapor permeability

ISO 12572:2016

Mechanical strengths

EN 1015-11:1999

3 Results and Discussion
3.1 Open Porosity
Open porosity represents the relationship between the volume of open pores and the apparent
volume of the sample. Figure 2 presents the mean open porosity results and indicates a slight
reduction in the open porosity of the detached mortar in relation to the mortar hardened in the
mold. This can demonstrate a greater compactness of the applied mortar. In fact, when a mortar
in the fresh state comes into contact with a porous support as is the case with lightweight
concrete blocks, its mixing water together with the smaller particles is absorbed and as a
consequence there will be a decrease in its pores and its open porosity.
3.2 Bulk Density
The determination of bulk density by the geometric method reflects the simple relationship
between the dry mass and the apparent volume (including all voids) of a sample. Figure 3 shows
a slight increase in the mean density of the mortar detached from the support in relation to the
mortar hardened in the mold, which is consistent with the reduction of the open porosity.
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Figure 2. Open porosity.
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Figure 3. Bulk density (kg/m³).

3.3 Capillary Water Absorption
The water absorption coefficient provides an indication of the water-absorbing capacity of a
mortar when placed in contact with a water film.
It can be seen, in figure 4, that the mortar hardened in the mold has a higher coefficient than
the mortar detached from the lightweight concrete block support. These results confirm a slight
increase in the compactness of the mortar applied to the lightweight concrete block, as
mentioned in the discussion of the open porosity results.
3.4 Water Vapor Permeability
The water vapor permeability coefficient reflects the ability of a material to be traversed by
water vapor. It can be seen, in Figure 5, that the mean water vapor permeability coefficient of
the detached mortar is lower than that of the mortar hardened in the mold — such a result
demonstrates a greater resistance to the passage of water vapor by the detached mortar in
relation to the mortar hardened in the mold.
3.5 Compressive Strength
Figure 5 shows the mean results obtained in the compression test and indicates that the mortar
hardened in the mold presented a slightly higher compressive strength in relation to the detached
mortar. Although the decrease in open porosity could lead one to think that the mechanical
strength would increase, it is possible that this decrease may be due to some weakening that
may have occurred when detaching the mortar from the substrate.
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An expected result face to the obtained results for the characteristics already mentioned.
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Figure 6. Compressive strength (MPa).

4 Conclusions
As a conclusion, it can be observed that the mortar detached from the support has slightly
different characteristics in relation to the mortar hardened in the molds; however, it is not clear
that these differences are due to the support. The support can influence the characteristics of
the applied mortar, as already seen in previous works using the ceramic brick support (e.g.
Torres, 2014), however this influence was not significant for the lightweight concrete block.
It can be seen that the mortar applied to the lightweight concrete block is slightly more
compact, with less open porosity. Consistently, the lower water absorption and lower water
vapor permeability occurred for the mortar applied to the support. Conversely, the compressive
strength of the applied mortar is lower than that of the mortar hardened in the mold.

267

Dora Silveira, Isabel Torres, Inês F. Colen and Rafael T. Pinto

The influence of the support on the physical and mechanical characteristics of the applied
mortar is a relevant issue in relation to performance and durability, and extensive studies on
different types of supports and different types of mortar may increase the compatibility of the
mortar/support interface.
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Abstract. Adhesive tapes are used extensively in both new buildings and renovation projects in order
to achieve airtight building envelopes and energy efficient buildings. It is important to be able to
reliably predict whether these adhesive solutions are durable. In our roles as both a research institute
and a national approval body for building materials, SINTEF have been performing product
evaluations and testing of adhesive tapes for 10 years. During this time, we have tested the durability
of more than 30 different tapes on a variety of substrates commonly used in the building industry.
After systemising and analysing this data, we have gained valuable insight into the factors governing
the durability of adhesive tapes for the construction market. In this paper we share our findings and
discuss how we intend to utilise the new knowledge in the design of further scientific experiments in
the field.
Keywords: Adhesive Tape, Construction, Durability, Accelerated Ageing.

1 Introduction
Air-tightening systems, such as vapour barriers and wind barriers are essential for energy
efficient buildings. In order to achieve high air-tightness performance, the overlaps and
connections of the air-tightening systems to other building components like foundations, roof
constructions, windows, and air and electric ducts, are today frequently sealed by selfadhesive tapes. However, there is little knowledge on the durability of the adhesive tapes used
in construction, partly because it is a relatively new application, and partly because it is a very
complex system to study systematically in laboratory conditions (Leprince et al., 2017) due to
the many variables in the properties of adhesives and substrates, as well as the effect of initial
conditions of the bond formation and climatic exposure.
In response to this knowledge gap several research groups have recently studied the
durability of air-tightness systems including adhesive products. (Antonsen, 2017; Fufa et al.,
2018; Langmans et al., 2017; Litvak et al., 2019) The referenced papers all include welldefined, systematic studies, many of them focusing on full- or reduced-scale airtightness
system testing before and after artificial ageing. However, the small number of adhesive tapes
included in each study restricts the possibility to draw general conclusions. Often no more
than two tapes are tested per system. This is a necessary limitation, due to the extensive
experimental matrix that would otherwise arise if tapes should also be tested on several
different substrates and under different exposure conditions.
The main objective of the research project TightEN (2019 – 2023) is to develop robust test
and evaluation methodology for ensuring durable adhesive airtight solutions for energy
efficient building envelopes. The experimental design at the starting phase of a project will be
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important for the outcome, and prior knowledge of important parameters can result in a better
design of the experimental matrix. Thus, we have systemised and analysed our existing data
on adhesive tape durability in order to gain a better understanding of the importance of
different parameters. In our roles as both a research institute and a national approval body for
building materials, SINTEF have been performing product evaluations and testing of adhesive
tapes for 10 years, testing more than 30 tapes. The data we have available is mostly from
small-scale adhesive bond testing, such as peel and shear resistance of the joint. The
correlation of these properties with the actual air-tightness performance is not well established
and will be investigated more thoroughly in the TightEN project. Nevertheless, we believe
that adhesive joint testing will in all probability still have a role in the evaluation of adhesive
tapes for airtightness application because it is simple, cost-effective and standardised.

2 Data and Methodology
The data subject to analysis was collected from standardised peel and shear resistance testing
of adhesive joints before and after artificial ageing, over a course of 10 years. Data from both
product certification and previous research projects have been included. Some tapes have
been tested several times, as a part of the control procedures for product certifications. An
overview of the test methods, number of tapes and associated data points included in the study
are given in Table 1.
Material testing and sample preparation was performed according to the European test
standards for peel and shear resistance of joints for plastic and rubber sheets for roof
waterproofing, EN 12316-2 and EN 12317-2. The joints were created by manually sticking
the materials together and applying hand force. The resulting joint area was 50 x 100 mm.
(This is not specified in the test standards and may have varied for the testing performed at the
earliest dates in the 10-year time period.) Peel resistance was tested in the configuration of
180° peel for tapes adhered to rigid substrates, whereas a T-peel configuration was used for
flexible substrates, such as vapour and wind barrier membranes. The test configurations for
the two peel tests, as well as the shear test are shown in Figure 1.
The test specimens were exposed to artificial ageing according to one of the three different
ageing programs shown in Table 1. The climate carousel refers to ageing in a vertical climate
simulator according to NT Build 495. In the climate carousel, the samples are subjected in
turn to four different climate exposure conditions; ultraviolet (UV) and infrared irradiation
(black panel temperature of 63 °C), water spray, freezing (-20 °C) and ambient laboratory
conditions. The exposure time is 1 h for each climate condition.
Table 1. Key information on the dataset subject to analysis.

Evaluation parameter Test method
Average peel resistance EN 12316-2
Shear resistance

EN 12317-2

No. of unique tapes
37
(30 acrylic, 7 butyl)
38
(30 acrylic, 8 butyl)

No. of data points*
143
132

* One data point includes the measurement values from both aged and non-aged samples. Each value represents
the average of measurements on 5 individual samples (excluding outliers).
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Figure 1. Configurations for testing peel and shear resistance.
Table 2. Ageing programs.

Ageing program
Climate simulator + heat
UV fluorescent lamps + heat
Only heat ageing

Climate carousel
2 or 4 weeks
-

UV light
2 days
-

Heat chamber at 70 °C
12, 22 or 24 weeks
12 weeks
24 weeks

The tapes have been anonymised and categorised based on adhesive type, backing
material, intended application temperature range etc. whereas the different substrates have
been broadly grouped into different material classes. Standardised substrates have not been
used, and in general the choice of substrates have been individually chosen in each case,
based on the intended application range of the tapes in question. If an adhesive tape was a part
of a specific product range, for instance as part of an airtightness system, it would typically
have been tested against a wind barrier in the same product range, as well as rigid substrates
of typical construction materials, such as wood or steel. Therefore, we do not have a complete
experimental matrix to analyse, and any attempts at performing rigid statistical analysis have
been hampered by confounding variables and missing data points. Hence, the analysis is
based on plotting and visualisation techniques.

3 Results and Discussion
3.1 Repeatability of the Data
The European test methods do not specify how the joint should be made, other than stating
that the pieces should be joined by the methods to be used for installation in the end use
application. I.e. application pressure and speed were not controlled. Nevertheless, the
repeatability of the measurements was generally acceptable. The pooled standard deviation of
measurement values within one test series (5 measurements on test specimens prepared from
the same tape and substrates, undergoing identical ageing programs and conditioning, tested
on the same day) was 2 N/50 mm before ageing and 4 N/50 mm after ageing for peel
resistance, and 19 N/50 mm before ageing and 23 N/mm after ageing for shear resistance.
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3.2 Correlation Between Measurements on Aged and Non-Aged Specimens
Peel resistance for aged specimens are plotted as a function of the peel resistance for the
corresponding non-aged specimens in Figure 2a. The equivalent plot for shear resistance is
shown in 2b. The light grey fields mark the regions where the peel or shear resistance
decreased with ageing, whereas the darker grey fields mark the region where the said
properties decreased more than 50 % relative to non-aged samples.
The purpose of the plots was to see if a correlation could be found between measurement
values before and after ageing, i.e. if a high measurement value before ageing increased the
probability of getting a high measurement value after aging. To some extent, this correlation
is present, because large increases in joint strength after ageing were rarely observed.
However, it is clear from Figure 2a, that peel resistance for non-aged samples is a poor
predictor of peel resistance after ageing. In comparison, a much stronger correlation is
observed for shear resistance (2b). In fact, shear resistance appears to have changed very little
with ageing for a large portion of the test specimens.
The peel resistance is often seen as a measurement of the adhesion force between the
adhesive and the substrate (presuming the failure mode is interfacial), whereas the shear
resistance is considered to to a larger degree reflect the cohesive strength of the adhesive.
Although this is a great simplification, the results can nevertheless be an indication that the
degradation caused by the artificial ageing is more detrimental to the interfacial bond than to
the bulk properties of the adhesive.
Another observation worthy of mention is that the lowest peel resistance values after
ageing were from tapes adhered to flexible membranes, such as vapour or wind barriers,
rather than rigid substrates. This could be due to interaction effects between the adhesive and
substrate, but more likely it is an indication that it is also important to consider the effect of
the ageing of the substrate as well as the adhesive tape.
For the design of experiments to investigate the durability of adhesive bonds, these
findings highlight that peel resistance is a much more sensitive evaluation parameter than
shear strength to assess changes caused by artificial ageing. However, more knowledge is
needed on both correlation between natural and artificial ageing for adhesive tapes, as well as
the acting forces in in-use condition to assess whether peel or shear resistance are good
indicators for long-term performance.
3.3 Difference in Ageing Properties Across Adhesive Tape Products
Several attempts were made to group the available test results based on substrate types and
surface materials, properties of the adhesive tape products (e.g. adhesive, backing material
etc.) and investigate the effect on adhesive properties, however the result was always that the
range of measurement values within the groups was considerably larger than the observed
difference between the groups. The difference from one unique tape to another proved to be a
confounding variable for all other attempted groupings. Thus, the conclusion was drawn that
the effect of ageing and substrates had to be analysed on an individual tape basis. Because this
could not easily and clearly be presented for all tapes in the dataset, a selection was done
according to the following criteria:
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Figure 2. a) Peel resistance for aged specimens as a function of peel resistance for non-aged specimens b) Shear
resistance for aged specimens as a function of shear resistance for non-aged specimens. The light and dark grey
fields mark the regions where the shear resistance decreased 0 – 50 % and 50 – 100 %, respectively

-

Only specimens subjected to 2 weeks climate carousel + 24 weeks heat ageing
Only single-sided tapes
Only tapes tested on at least two different substrates
Excluding data points from substrates that could not be confidently categorized

The resulting plots are presented in Figures 3 and 4 for peel and shear resistance,
respectively. In the plots, each row contains data points from one tape product, labelled A1 –
A8 for acrylic tapes and B1 – B3 for butyl rubber tapes. The height of each row represents the
full range of values for the peel/shear resistance in the dataset (0 – 110 N/50mm for peel and
0 – 450 N/50mm for shear resistance). A more detailed view of the data points for tapes A2,
A3 and A4 are presented in Figure 5. Some important observations are:
-

-

Both initial values and change with ageing differ greatly between tapes. This can be
exemplified by studying the peel resistance of tapes A2, A3 and A4. Both A2 and A3
start out at medium peel resistance for all tested substrates before ageing. After ageing,
the peel resistance for A2 is largely unchanged for all substrates, wheras the values for
A3 drop somewhat for all substrates, and the drop is distinctly larger for the joint to
the vapour barrier than to the other substrates. A4, on the other hand starts out with
peel values at the very top of the range, but degrade dramatically upon ageing for all
substrates.
The trends in initial values and degradation upon ageing are in many cases similar for
peel and shear resistance. For instance A4 displays a similar drop in shear resistance
upon ageing as in peel resistance.
The effect from testing on different substrates is less pronounced. With few
exceptions, all values from one tape on different substrates are in the same range. This
applies to both peel and shear resistance, and both before and after ageing, however
the variation from substrate to substrate appears to be slightly higher after ageing.
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All these tapes have been subjected to the same ageing program, yet they display
completely different responses to the accelerated ageing. Thus, when designing
experiments to learn more about the ageing mechanisms of adhesive tapes it is important
to include enough different tape products to get the full picture. Furthermore, it is
necessary to gain a better understanding of the differences between the tapes, and what
properties are significant for the durability.
The number of substrates may be kept smaller to limit the size of the experimental
matrix. However, it is important to do the ageing on stable, rigid substrates as well as
membranes to account for the fact that membranes themselves are also subject to changing
properties during the ageing process. If fact, membrane properties should possibly also be
checked seperately, in order to correct for this.

Figure 3. Stacked plot of peel resistance for 11 different adhesive tapes on various substrates. Each row contains
data points from one tape product, labelled A1 – A8 for acrylic tapes and B1 – B3 for butyl rubber tapes. The yaxis for each row starts at 0 N/50mm and ends at 110 N/50 mm.

274

Malin Sletnes and Susanne Frank

Figure 4. Stacked plot of shear resistance for 11 different adhesive tapes on various substrates. Each row
contains data points from one tape product, labelled A1 – A8 for acrylic tapes and B1 – B3 for butyl rubber
tapes. The y-axis for each row starts at 0 N/50mm and ends at 450 N/50 mm.

Figure 5. Peel and shear resistance before and after ageing for tapes A2, A3 and A4.
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4 Conclusions
-

Peel resistance for non-aged samples was a poor predictor of peel resistance after
ageing.
There was a clear correlation between shear resistance for aged and non-aged samples.
Peel resistance was a more sensitive evaluation parameter than shear strength to assess
changes caused by artificial ageing.
The measurement values for peel and shear resistance varied considerably more
between different tapes than between different substrates. This was true for both nonaged and aged test specimens.
More consideration should be made to include several different tapes in the
experimental matrix when planning experiments to study the durability of adhesive
tapes for building air-tightness systems.
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Abstract. The service life of a building or structure is often presumed to be 60 years. Products used in
the building envelope are often covered by a facade material on the exterior side. Hence, the failure of
these products is not easily observable, and the repair or replacement is normally not technically nor
economically feasible. Thus, these products are expected to endure the entire estimated lifetime of the
building. Service life prediction of these products is based on accelerated ageing tests, whose aim is to
measure future possibilities of materials' durability under their expected service life. Preliminary
calculations of acceleration factors are discussed and related to historical and future climate scenarios
for a dataset from Calgary, Canada. The changes in temperature threshold values for this dataset is
significant. Relating the measured values to a duration of a typical accelerated durability test indicates
that the test duration is sufficient for a service life of 102 years according to historical climate, but only
52 years taking into account an assumed climate change.
Keywords: Durability Testing, Accelerated Ageing, Future Climate Scenarios, Exterior Applications.

1 Introduction
The service life of buildings and building products is presumed to be 60 years. Wall membrane
and roofing products, including adhesive products, are widely used in modern building
assemblies and the service life of these products that play an important role in ensuring the air
and rain tightness of the buildings has to reach 60 years. Furthermore, the inspection of these
products, that are often hidden from visual inspection by cladding material mounted on the
outermost layer of a building, is difficult.
Wall membrane and roofing products are usually subjected to an accelerated ageing
procedure (see Table 1), depending on the use of the product in question. The test standards are
designed with regards to the product in question and the prevailing climate condition in the use
area of the product.
The ageing procedures are often, but not always a combination of what is believed to be a
realistic climatic condition: elevated temperatures, (UV) radiation, water spray, freeze-thaw
cycles, to mention the most common ones. Studies on material degradation usually involve a
very detailed study of the degradation mechanism. The common ground for building products
is usually their application area and not the type of material. Hence, test procedures should
preferably account for the climatic strains, and attempt to reproduce the climatic conditions in
service (Riahinezhad et al., 2019) as correctly as possible.
While many test procedures are cycling several climatic agents, e.g. solar radiation and
humidity, or humidity and elevated temperatures, this study will discuss implications for the
testing in elevated temperatures, and discuss whether the effects of climate change, hence
increased temperatures, need to be taken into account when designing accelerated ageing
procedures.

doi:10.23967/dbmc.2020.226

277

Petra Rüther, Klodian Gradeci and Malin Sletnes

2 Brief Review of Accelerated Weathering Methods
In order to be able to link the weather conditions to accelerated ageing methods, the
temperatures are compared to the elevated temperatures of some European and international
test standards for products used on the exterior of wall and roof assemblies.
Table 1. Summary of the most relevant ageing procedures for building envelope materials.
Standard
Temperature
EN 1296:2000
70 OC
60 OC
EN 1297:2004
63 ±5 OC
NT BUILD
495

RH
Not stated
10 ±5 %1
not stated

Test duration
24 weeks
not stated
not stated

Acceleration
not stated
not stated
not stated

NS 8140:1985 75 ±5 OC BPT
ETAG 004
(1) 70 OC
(2) 50 OC /20 OC

not stated
(1) 10-30%
(2) 30%

not stated
(1) 80 cycles,
3h+1h spray
and 2h rest
(2) 7 h/16 h

not stated
not stated

EOTA TR
010: 2004

65 ± 5%
(drying
conditions)

5000 hours

5000 h = 5
years7

Liquid applied
waterproofing kit

32 days

not stated

Air barrier materials8

CAN/ULC –
S741 (2008)

M6 60 ± OC
(BST)
S6 70 ±3 OC
50oC

Application
Roofing membranes
Roofing membranes 2
Materials and components
used in the building
envelope 3
See footnote 4
External Thermal Insulation
Composite Systems (Etics)
with Rendering5

1 The relative humidity shall be (10 ±-5) % after 30 min of the dry period.
2 In addition to heat and humidity the standard requires UV radiation and cyclic water spraying
3 The test method is based on cycling radiation, water spray, frost and laboratory climate.
4 The test method resembles the Nordtest NT Build 495 method with minor adjustments.
5 The systems must pass a series of tests regarding the performance of the rendering after the cycles
6 Distinguishes between M (moderate climate) and S (severe climate). Weathering cycles include water spray. Focus on radiation exposure.
7 The AF refers to the radiation exposure.
8 CAN/ULC-S741 conditioning includes UV exposure followed by extended heat exposure. UV exposure includes 210 hours (10 hr for 21
days) of UV radiation according to ASTM G154. Heat exposure includes placing the specimens in an air circulation oven for either 772 hours
at 50±2°C for non-accessible air barrier material or 336 hours at 50±2°C for accessible air barrier materials.

The above summary shows that most products for exterior applications in the building
envelope are tested under elevated temperatures between 50°C and 70°C for between 32 days
and 24 weeks. The acceleration factors stated are usually connected to the radiation exposure
and not the thermal degradation.

3 Historical and Future Temperature Values
The selected location is Calgary, Canada. Two sets of climate data generated in Gaur et.al.
(2019) that include the following:
- 15 historical climate data set, and
- 15 climate data set for a climate change scenario in which the global climate temperature
change is forecast to be 3.5oC.
The reader is referred to Gaur et al. (2019) for more in-depth understanding of the
methodology used, while a short description follows. A merged observational climate timeseries (1986–2016) for the city of Calgary was prepared from the hourly observations (surface
global horizontal irradiance, total cloud cover, rainfall, relative humidity, air temperature,
station pressure, 10 m wind-speed and wind-direction), and daily observations of the snowdepth from the collection of all of the Environment and Climate Change Canada (ECCC)
climate gauging stations located within the domains of Calgary and containing more than one
year of data between the time-period: 1986–2016. The database of climatic projections from
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CanRCM4 LE, Global Climate Model (GCM), was used to extract climatic projections for
Calgary spanning the historical and future time-periods. In total, 15 members of the hourly
CanESM2 LE projections covering the historical and the future time-periods were extracted for
the grids covering the Calgary for the generation of 15 historical and 15 projected time-series
of the climate variables.
Data was analysed to find the time periods where temperatures lie above a distinct
temperature threshold. Temperature steps of 10°C between a range of -45°C and +45°C. Results
are presented below for historical data and for the chosen climate scenario, together with
averages, standard deviations and differences.

Figure 1. Number of days above temperature threshold for historical and future climate, temperatures
above 0°C.

The analysis of the climate data presented in Figure 1 shows a significant deferral of the
average temperatures towards higher temperature levels. The number of days where the
temperature exceeds 0°C increases for example by 1490 in the course of a 30-year period, or
by an average of 50 days per year. For elevated temperatures the relative increase in days above
the threshold value is significant: The accumulated period where the average temperature
exceeds 30°C increased 3.52 times from 30 days to 352 days in a 30-year period.
Correspondingly, the amount of time accumulated at lower temperatures decrease

4

Investigation of Acceleration Factors

In order to ensure that building materials exposed to outdoor conditions have the quality to
endure the desired service life, accelerated laboratory testing is conducted. A brief review of
some common test methods is presented in Table 1. The tests commonly include amongst others
solar radiation and elevated temperatures between 50°C and 70°C, for some test methods the
temperatures are cycled and/or alternated with water spray.
The service life of buildings and building parts that are not to be replaced is often set to
between 50 and 60 years (Byggforsk, 2017), for materials and components in the building
envelope that are accessible for replacement between 25 and 30 years.
Hence, the durability test should aim for testing a service life of 25-30 years or 50-60 years,
respectively. The common dilemma with durability testing is to keep the test duration as short
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as possible, i.e. to accelerate the test as much as possible, without generating degradation effects
caused by elevated temperatures not present in a real application.
The following sections explore and discuss acceleration factors along with respective test
durations for thermal degradation processes based on the above presented historical and future
climate scenarios.
4.1 Methodology
Polymeric materials used in building materials are subject to degradation mainly caused by
photoirradiation and thermal degradation. The dependence of the rate of thermal degradation
on the temperature can be described by the Arrhenius law:
(1)

where A is a pre-exponential factor, Ea [J/(mol K)] is the activation energy, R = 8.314 J/mol
is the gas constant, and T [K] is the temperature. A temperature acceleration factor AFtemp may
then be calculated as the ratio between the reaction rate in the accelerated weathering test k1
and the natural outdoor weathering k2, leading to the following equation for the acceleration
factor AFtemp:
(2)

where T1 and T2 denote the temperature in the accelerated weathering test and the natural
outdoor weathering, respectively. Given that the pre-exponential factor A is temperature
independent, the calculation of the acceleration factor is only dependent on the value of the
activation energy Ea and the two temperatures T1 and T2 (Meeker et al). The activation energy
is strongly dependent on the material composition, the interaction between different chemical
agents, the presence of catalysts, and hence very challenging to estimate for a complex material.
However, for the purpose of this study four different activation energies have been used for the
calculations: 72 kJ/(mol K) (as suggested by Riahinezhad et al., 2019), 90 kJ/(mol K), 60
kJ/(mol K) and 50 kJ/(mol K).
The following assumptions and approximations are taken in the investigation of the
acceleration factor:
- The pre-exponential factor A in Equation 1 does not vary during the degradation process.
- The calculations are solely based on thermal degradation.
- The reaction mechanism, and hence the activation energy, does not vary during the
degradation process.
- The chosen values for Ea are either chosen from literature (72 kJ/(mol K) from Riahinezhad
et al., 2019) or parametrically assumed in order to explore the influence of the activation
energy on the overall result.
- The temperature values for the outdoor exposure is based on average hourly values.
Acceleration factors are calculated based on Equation 2 for four different laboratory test
temperatures T1= 60°C, 70°C and 80°C and an effective outdoor temperature T2, where the
lowest included temperature is 0oC, assuming that thermal degradation processes below 0oC
might be neglected for the purpose of this study.
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Figure 2. Acceleration factors plotted against average outdoor temperature for 80°C (dashed line), 70°C (solid
line) and 60°C (dotted line) laboratory test temperature for different activation energies.

The value of the acceleration factor AF depends (given the assumptions and approximations
stated in section 4.1) solely on the activation energy Ea and the two temperatures T1 and T2.
Table 2 shows the acceleration factors calculated for an activation energy of 72 J/(mol K) for
different temperatures T1 and T2. Figure 2 shows acceleration factors AF for different values of
Ea .
In the further course of the calculations the focus will be on an activation energy of
Ea= 72 kJ/(mol K), as shown in Figure 3 with a more detailed plot. With all assumptions
considered, the acceleration factor varies between 23 and 1325 for a test temperature of 80oC,
11 and 648 for a test temperature of 70°C and between 5 and 304 for a test temperature of 60°C.
Basing the calculation of the test duration on annual average values leads to an acceleration
factor of 379 for historic (T2 = 4,7oC) and 225 (T2 = 9,4oC) for future climate scenarios (for
Ea=72 kJ/(mol K) and 70oC test temperature), leading again to a laboratory test duration of 28
days and 48 days.
Table 2. Acceleration factors AF for Ea = 72 J/(mol K).
T2 [oC]

T1 [oC]
60

70

80

0

304

648

1325

5

172

366

749

10

99

211

432

15

58

124

254

20

35

74

152

25

21

45

93

30

13

28

57

35

8

18

36

40

5

11

23

281

Petra Rüther, Klodian Gradeci and Malin Sletnes

Figure 3. Acceleration factor plotted for Ea = 72 kJ/(mol K) for three different laboratory test temperatures
for average outdoor temperatures between 0oC and 40oC.

5 Laboratory Test Duration
In order to estimate a laboratory test duration, an average temperature representing the outdoor
temperature during the test period is to be calculated. The temperature data is divided into
temperature ranges of 5oC between 0oC and 40oC (assuming that the thermal degradation
processes below 0oC might be neglected). Further, the average temperature for each interval
and the according duration is derived from the climate data. For the calculation of the
acceleration factor for the respective temperature range, T2 is set to the average temperature of
the respective interval.
The results of the calculation are shown in Figure 5 for three different laboratory test
temperatures for historical and future climate. For a laboratory test temperature T1 the
laboratory test duration (for a simulation of a 30-year outdoor test period) is 49 days based in
historical climate scenarios and increased to 94 days based on future climate scenarios.
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Figure 4. Laboratory test duration [days] for three different laboratory test temperatures T1 based on historic
and future climate scenarios.

With a calculation of the outdoor temperature T2 in the above described way, the duration of
the accelerated test is based on shorter time intervals with their respective duration based on
hourly mean values. This contributes to a more accurate calculation, compared to e.g. using and
average monthly or annual values, where the calculated test duration is considerably shorter
(see section 4.1).
Due to the uncertainty in estimations of acceleration factors, test procedures for durability
evaluation in product standards or for certification purposes normally specify longer test periods
than those calculated from the Arrhenius equation. Thus, these tests have an inherent error
margin to be on the safe side with regards to durability. This is known as stress testing, and the
goal of the test is to assess whether it is probable that a product will have sufficient durability
in the end use environment rather than specifying a particular service life. The error margin of
durability testing may become smaller in the future due to climate change. For instance, in a
common test method for roofing membranes (EN 1296, 2000), the temperature during the
laboratory test is set to 70°C and the test duration is 24 weeks (168 days). Assuming an
activation energy of 72 kJ/(mol K) this test roughly corresponds to an outdoor exposure period
of 102 years based on historical climate data. Based on the future climate scenario, however,
the laboratory testing would only correspond to 53 years of outdoor exposure.

6 Conclusions
The results show a significant influence of the increasing temperature on the accumulated
amount of time where certain temperature threshold values are exceeded. For the Calgary data,
where the historic average temperature is 4.7°C and the future average temperature over a 30year time period is 9.4°C, the increase in amount of days where the threshold value exceeds
30°C is from 30 to 352.
In a durability test, based on the calculated acceleration factors, given a number of
assumptions, based on thermal degradation and on historic climate data for Calgary, 49 days
account for an outdoor test period of 30 years. Based on future climate data, the test duration
must be increased to 94 days.
Compared to a commonly used laboratory durability test for roofing membranes (EN 1296,
2000), the test duration of 24 weeks (168 days) accounts for an outdoor test period of 102
years for historical climate and 53 years for future climate.
This calculation shows that future climate scenarios should be considered when designing
laboratory experiments.
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7 Future Work
This work is based on temperature data measured at a meteorological station. In order to account
for microclimate at the exact location where the material in question is applied, it would be
interesting to study the differences for temperature values. Also, different geographical
locations and their future climate scenarios need to be explored to take into account different
climate zones. The further exploration of degradation processes in order to deepen the
understanding of thermal degradation and possible interactions between thermal degradation
and other climatic strains needs to be further explored.
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Abstract: Due to climate change, higher temperatures and rainfalls are expected to happen in some
areas of Canada, which might increase the climate loads on buildings and lead to premature degradation of moisture-sensitive materials in wall assemblies. To investigate potential durability issues in three
cities across Canada (Ottawa, Vancouver and Calgary), code-compliant wood-frame walls with two
types of claddings, stucco and brick, were simulated using Delphin 5.9. Two different climate data sets,
historical and future when a global warming of 3.5oC is expected to be reached were used. The hygrothermal performance in terms of mold growth risk was analysed with respect to cladding types, considering air leakage. All the three cities are similarly warmer in the future. However, wind-driven rain
(WDR) is higher in Vancouver than in Ottawa and Calgary. With brick cladding the relative humidity
is kept below the threshold for mould development only in Ottawa and Calgary. With stucco in future,
while Ottawa shows greater mould indices than historical, Calgary shows opposite behavior. The results suggest that the risk of mould growth due to air leakage may decrease in the future.
Keywords: Code Compliant Walls, Moisture Performance, Climate Resilience, Air Leakage, Stucco
Wall, Brick Cavity Wall.

1 Introduction
Climate change has received increasing attention globally due to many possible consequences,
including building long-term performance issues from temperature increases and more severe
and frequent rainfall events. The Intergovernmental Panel on Climate Change (IPCC, 2014) has
indicated that climate changes has resulted from anthropogenic action and, whereas temperature
changes arising from human influence is indeed a global concern, it is known that in Canada
annual average temperatures will rise about twice the global average.
It is also expected that weather extremes will intensify in the future from a warming climate
and, even though rainfall events might decrease in some areas, these are likely to increase for
over most of Canada (Bush and Lemmen, 2019). In some regions, increases in precipitation as
high as 40% are expected and this will have significant effects on buildings: water infiltration,
related mostly to wind-driven rain, will increase accordingly and might pose a higher risk to
the premature degradation of moisture-sensitive materials in wall assemblies (Lacasse, Defo, et
al., 2018).
To address these issues of moisture accumulation in wall assemblies due to condensation or

doi:10.23967/dbmc.2020.012
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water ingress, the National Building Code (NRC, 2015) set prescriptive requirements for all the
walls separating conditioned from unconditioned spaces. These include: i) minimum thermal
insulation according to the climate zone; ii) an air barrier system with an air leakage rate not
greater than 0.1 L/(s.m2) at 75 Pa; iii) a vapor barrier with permeance not greater than
60 ng/(Pa.s.m2); and iv) position of low permeance material in the wall. As well, in case where
an exterior insulation is added, NBC might also require a minimum ratio between outboard and
inboard thermal resistance (NRC, 2015, p. B-9.159). All these technical requirements are intended to minimize the chance of moisture accumulation in wall assemblies, which can lead to
deterioration of wood and wood-based building products.
Although the requirements were set based on historical climate loads, item 5.1.4.2 of NBC
says that “… assemblies exposed to the exterior shall be resistant to any mechanism of deterioration that may reasonably be expected”. As such, the impacts of climate change on moisture
performance of code-compliant walls need to be assessed.
The primary objective of this study is to evaluate the moisture performance of code-compliant wall assemblies in both historical and future climate. The approach followed is the one
provided in the “Guideline for the Design for Durability of the Building Envelope” (Lacasse et
al., 2018).

2 Methods
The methodology for the assessment of moisture performance of code-compliant wall assemblies as described in this paper follows the approach given in the “Guideline for the Design for
Durability of the Building Envelope” (Lacasse, Ge, et al., 2018). This approach essentially uses
hygrothermal modelling as means to assess the response of wall components to climate loads
acting on the exterior and environmental conditions on the interior of the assembly; so, the
moisture performance of the wall can be determined on the basis of the risk of mould growth
or wood decay in wood based components.
The simulation tool is first described and, thereafter, details in respect to input data for simulation are provided: wall configuration, which is dependent on the geographic location for
which simulations will be completed; weather data, and the reference years to be used in simulations; boundary conditions, in which boundary parameters are defined; air leakage; and material properties.
2.1 Geographic Location
Three cities were selected across Canada: Calgary (AB), Ottawa (ON) and Vancouver (BC),
with low, medium and high moisture indices respectively. The main characteristics of the cities
are shown in Table 1.
Table 1. Geographic location and climate details about the cities.
City
Latitude
Longitude
(Province)
(o )
(o )
45.25
-75.42
Ottawa (ON)
49.28
-123.12
Vancouver (BC)
51.05
-114.07
Calgary (AB)
HDD - heating degree days below 18oC
RSI - Effective thermal resistance
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HDD
4440
3100
5000

RSImin
(W/m2K)
6
2.97
4
2.78
7A
2.97
Zone - climatic zone
MI - moisture index

Zone

MI
0.84
1.93
0.37

Annual rain
(mm)
750
1850
325
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2.2 Simulation Tool
A state-of-the-art hygrothermal modelling software, Delphin 5.9, was used to undertake the
hygrothermal simulations. The solver parameters were adjusted to 0.01 s initial time step, 60 s
maximum time step, 10-6 relative tolerance and 10-7 moisture mass balance.
2.3 Wall Configuration
A wood frame wall of a 3.5-storey (10-m high) residential building located in suburban areas
was considered. For each city, two cladding types were simulated: brick and stucco. Figure 1
shows the composition of the brick wall.
e

Air exit

d
1

2

3 4 5
c

6

7 8

b
a

Air entry

1. Brick
2. Air layer
3. External insulation
4. Sheathing membrane: 30’ paper
5. OSB (11.1 mm)
6. Stud with low density glass fiber
insulation (140 mm)
7. Polyethylene (6 mil = 0.15 mm)
8. Gypsum board (12.7 mm)

Figure 1. Layers of the brick wall and the locations for reading Relative Humidity and Temperature.

From the sheathing membrane to the interior side of the wall (from layer 4 to layer 8), all
the layers are the same for all walls. The height of the wall was 2440 mm: 36 mm for the single
bottom plate (spruce), 2332 mm for the insulation (low density glass fiber insulation) placed
within the vertical wood studs, and 72 mm for the double top plate (spruce). For the outer part
of the walls, complete details for each city are given in Table 2.
Table 2. Cladding details.
City
Ottawa
Vancouver
Calgary

Cladding
Type
Thick (mm)
Brick; Stucco
90; 19
Brick; Stucco
90; 19
Brick; Stucco
90; 19

Drainage
cavity (mm)
25; None
25; 10
25; None

External
insulation
EPS (6.5; 12.7 mm)
None; None
EPS (6.5; 12.7 mm)

Air change
(/h)
10; None
10; 10
10; None

Air
leakage
With
and
Without

In Calgary and Ottawa it was necessary to incorporate an external insulation to reach the
minimum energy requirement (RSI ≥ 2.97 W/m2K) whereas in the warmer climate of Vancouver (RSI ≥ 2.78 W/m2K) the stud cavity insulation alone was enough.
2.4 Weather Data
Two sets of climate data were used: historical and future (when a global warming of 3.5oC is
expected to be reached). Both sets were prepared according to Gaur et al. (2019) and encompass
a 31-year time period, from 1986 to 2016 and from 2062 to 2092. From each set, the median
and the wettest years were selected based on the moisture index (Cornick et al., 2003) and were
used as moisture reference years for simulations. Those years and the wall orientation with the
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highest wind-driven rain load are summarized in Table 3. In all cases there is an increase in the
temperature in the future; RH levels vary quite the same way in Calgary and Vancouver, but
are higher in the future climate for Ottawa.
Table 3. Moisture reference years and wall orientation for each city.
City
Ottawa
Vancouver
Calgary

H - Historical data (year)
Period Median
Wet
1989
1991
1986
1988
1994
to
2016
2015
2016

Wall orientation (o)
180
145
292

F - Future data (year)
Period Median
Wet
2074
2070
2062
2091
2066
to
2092
2069
2063

Wall orientation (o)
180
180
315

2.5 Boundary conditions
2.5.1 Air Leakage
All the walls were simulated with and without air leakage and the exfiltration path (Figure 1) is
one of the worst cases in terms of moisture accumulation suggested by Ojanen and Kumaran
(1992; 1996). This path is also the same as the one used by Saber (2014). An air leakage rate
of 0.1 L/(s.m2) at 75 Pa was tested, which is the maximum rate prescribed by the NBC (NRC,
2015, p. B-5.27) when the indoor relative humidity ranges between 27 and 55%. An equivalent
air leakage area was computed assuming a discharge coefficient of 0.6 and air density of
1.2 kg/m3. For a 2.4 m high wall, the area of the orifice is around 35mm2 at 75Pa, but since the
real pressure difference between outdoors and indoors is roughly 10 Pa, this area was converted
to 26 mm2 (ASHRAE, 2017, p. 16.16). Indoor and outdoor air pressures were derived from the
combination of wind and stack pressures and applied to the bottom and top openings of the wall
respectively (Figure 1). Since the simulation was run in 2D, the opening was assumed to have
a circular shape and its diameter was used as the width of the opening.
2.5.2 Wind-driven rain
Wind-driven rain (WDR), used as an imposed moisture flux on the exterior surface of the wall,
was calculated according to ASHRAE 160 (ASHRAE, 2016, p. 6,7), assuming a 3.5 storey
building (10-m high) located in a suburban area. The exposure (FE) and deposition (FD) factors
were set to 1.0 and 0.5 respectively. Figure 2 shows the accumulated wind-driven rain for all
cities, historical and future.

Figure 2. Accumulated wind-driven rain (ASHRAE) for all cities, historical and future.

Calgary has quite the same amount of rain in both scenarios for the two years together; Ottawa shows an increase in the rain in the future for both average and wettest years; Vancouver
is less rainy in the future, but there is an important difference between the two years: in the
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future, the average year is about 65% dryer and the wettest year is about 30% rainier.
2.5.3 Other parameters and conditions
Initial conditions for all layers were set to 21oC and 50%, respectively for temperature (T) and
relative humidity (RH).
Indoor conditions were calculated using the ASHRAE method, heating only (ASHRAE,
2016, p. 4), which means T ≥ 21.1oC (no upper limit) and 40% ≤ RH ≤ 70%.
Other coefficients were adopted as follows: outdoor heat transfer coefficient: 4+4v W/m2K
(v is wind speed) (ISO, 2017); indoor heat transfer coefficient: 8 W/m2K; outdoor vapor transfer
coefficient: 2.44*10-8 + 2.44*10-8v s/m; indoor vapor transfer coefficient: 1.52*10-8 s/m;
ground shortwave reflection = 0.1; shortwave surface absorption = 0.6; ground longwave emission coefficient = 0.9; surface longwave emission coefficient = 0.9.
For wall assemblies having a drainage cavity, the air change per hour (ACH) was set to 10.
2.6 Discretization of the Walls
Preliminary tests simulations with different number of elements were undertaken to select the
optimal scheme in terms of accuracy and simulation time. The final mesh used in this paper
was composed of 3465 elements for stucco and 4345 for brick.
2.7 Material Properties
Table 4 shows some basic properties of the materials for each of the two wall assemblies.
Table 4. Properties of the main materials according to Kumaran et al. (2002).
Material
Brick (Br)
Stucco (Stu)
OSB
Glass fiber batt
Vapor barrier2
Sheathing membrane3
1. Values at 50% RH

Vapor
Specific heat
Thermal
Dry
permeance1
capacity
conductivity
density
(J/kg.K)
(W/m.K)
(kg/m3)
(ng/m2.s.Pa)
90
1900
800
0.500
19
19
1960
840
0.407
94
11
600
1880
0.094
101
140
11.5
840
0.043
990
0.15
1256
840
0.159
60
0.22
909
1256
0.159
907
2. 0.15 mm polyethylene
3. 30’ asphalt impregnated paper

Thickness
(mm)

2.8 Performance Assessment
The performance assessment focused on the mould index calculated according to the VTT
model described in Ojanen et al. (2010). It is known that mould growth is a highly complex
mechanism which is mostly influenced by relative humidity, temperature, material susceptibility, surface quality (Vereecken and Roels, 2012). Different models use different parameters,
and not necessarily the same way and, then, distinct outcomes are expected; a deeper discussion
about this is out of the scope of this paper and can be found elsewhere, as in Sedlbauer (2001),
Vereecken et al. (2011), Viitanen et al. (2015), Gradeci et al. (2017). In this study, the VTT
model was adopted because it is recognized by ASHRAE 160 (ASHRAE, 2016, p. 7).
The index was calculated for many different locations of OSB, bottom plate and top plate,
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assuming a sensitive class for both material and surface, and 0.1 as decline factor (there is no
suggestion in ASHRAE for OSB and then 0.1 was adopted as a conservative value). The highlighted squares in Figure 1 show all the locations in the assembly where values of RH and T
were acquired. However, the focus of this paper is in the worst position, identified with the
letter “c” in Figure 1 (exterior layer of OSB at mid-height); RH and T values used to compute
mould index were acquired on a portion with the dimensions of 0.5 mm x 500 mm.

3 Results and Discussion
Figure 3 shows the mould index profiles for stucco and brick claddings. Solid lines represent
situations with no air leakage and dashed lines with air leakage.
Brick cladding in Vancouver (Figure 3a) develops mould, while in Ottawa and Calgary there
is no mould growth. This may be explained by the higher amount of WDR in Vancouver compared to Ottawa and Calgary (Figure 2). In Vancouver, mould index profile is consistently
greater for historical than future. In fact, the first year (average year) in the future has a lower
amount of WDR, which may explain the fact that there is no mould growth, while the second
year has more WDR in future than in historical.
In the case of stucco, mould index profiles were quite similar in Vancouver for both climate
scenarios (Figure 3b), which is different to the observations for brick. This may be explained
by the fact that stucco cladding has higher liquid diffusivity, smaller thickness, and a drainage
cavity of only 10 mm. As such, the liquid water reaches the drainage cavity quickly and maintains high RH levels. These factors together with higher temperatures along the year led to high
mould indices. Ottawa (Figure 3c) shows higher mould index profile in the future than historical. This may be explained by the fact that WDR is higher in future than historical; in the historical climate, however, the first year is dry and there is no mold growth. Unlike Ottawa, Calgary (Figure 3d) shows lower mould index profile in the future than historical. As shown in
Figure 3, the WDR in Calgary is quite similar for historical and future climates, but the temperature is higher and therefore might have increased the drying potential of the whole assembly,
decreasing the mould indices.

a)

b)

c)

d)

Figure 3. Mould index profiles in the worst position of OSB for both claddings,
historical (H) and future (F) scenarios, with (Leak) and without (NoLe) air leakage.

In an attempt to assess the effect of future climate on the risk of mould growth, the difference
between the maximum mould index for the cases with and without air leakage was calculated
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for both historical and future periods. Table 5 shows the maximum mould values and the difference between historical and future scenarios, with and without air leakage. Those values are
labeled as “Leak - NoLe” in the shaded columns.
Table 5. Maximum mould index in the worst position of OSB for each case.
City
Ottawa
Vancouver
Calgary
H - Historical

NoLe
H
F
0
0
3.49 3.49
0
0

Brick
Leak
H
F
0
0
3.56 3.52
0
0
F - Future

Stucco
Leak - NoLe
NoLe
Leak
Leak - NoLe
H
F
H
F
H
F
H
F
0
0
2.25 4.13 2.57
4.13
0.32
0
0.07 0.03 4.28 4.48 4.40
4.59
0.12
0.11
0
0
2.36 1.68 2.55
1.86
0.19
0.18
Leak - air leakage
NoLe - no air leakage

Although this calculation is not exactly true because hygrothermal behavior is a combination
of all the factors, it gives an idea of the influence of the air leakage itself. It can be seen that air
leakage led to higher mould indices in all cases since the exfiltration process brings more humid
air to the cavity. Also, the lower values of “Leak - NoLe” in the future suggest that there might
be a decrease in the risk of mould growth due to air leakage in the future.
As a general observation of Figure 3 and Table 5, air leakage has a greater impact when the
mould index is low, since the major factor responsible for mould growth is the moisture coming
from brick and stucco layers. If this amount of moisture is already high, the contribution of the
moisture brought to the cavity by the air leakage is very low when compared to the total, which
means low impact over the mould indices.

4 Conclusions
Hygrothermal performance of two wall assemblies, stucco and brick cladding, has been assessed in three cities under historical and future climate with and without air leakage to see their
response to a possible climate change. Mould index was used as a measurement of performance
and the main findings for the cities and the wall configuration considered are:
− Future climate in Ottawa presents higher amount of WDR when comparing with historical, which means the moisture content of the assembly is higher and so is the risk
of mould growth. In Calgary, the amount of rain is similar in both climates but the
temperature is higher in the future, which means more drying potential and less
mould development. Vancouver is rainy in both scenarios and the mould indices are
similarly high.
− Brick cladding is safer than stucco in any case in future climate. The higher moisture
capacity of the brick, the wider drainage cavity and the higher air temperature all
together increase the drying capacity of the assembly, which helps on keeping lower
levels of relative humidity and lower mould indices. This situation is more evident
in Ottawa and Calgary, which have no mould with this cladding.
− Air leakage increases the mould development in all cases, but the differences are
small and cannot be blamed for major changes in the indices. The results suggest risk
to mould growth may decrease in the future climate.
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Abstract. As part of the Canadian government’s recent drive to the “on Greening Government initiative,
heritage buildings forming part of the parliamentary precinct in Ottawa, Canada are to be retrofitted in
the coming years to help reduce energy usage and decrease greenhouse gas emissions associated with
heating and cooling. Increasing levels of GHG concentrations over time has the potential to raise the mean
global temperature by +3.5 degrees. The predicted impact on Ottawa’s climate will be significant,
increasing precipitation annually by 14.4% and decreasing the January winter design temperature from 25oC to -11.7oC or 53%. In this paper, the moisture response of a heritage building located in Ottawa,
Canada is determined from results of numerical simulations when subjected to both historical and
projected future climate loads. Various insulation strategies for masonry wall systems were assessed.
The objective was to decrease the energy demand associated with heating and cooling by applying
insulation on the interior face of the masonry. Using future climate loads, results from hygrothermal
modeling showed that although the climate change model produces higher volumes of annual
precipitation, no deleterious levels of moisture build-up were observed in the wall system. In fact,
moisture levels remained relatively consistent, irrespective of the insulation type applied to the interior
face of the walls. Moisture content for all scenarios was well below critical saturation of the masonry
materials. The warming climate has a dramatic effect by reducing the number of hours below freezing
experienced by the interior brick wythe when interior insulation is applied. From the hygrothermal
analysis, it was concluded that the warming temperatures will substantially reduce the number of hours
the interior wythe of masonry experiences freezing temperatures which in turn, reduces the potential for
freeze-thaw damage to the masonry. The interior application of moderate levels of insulation should
therefore be considered for retrofit measures for this heritage building, located in Ottawa, Canada,
without increasing the risk of damage to the wall.
Keywords: Climate Change, Durability, Historic Building, Hygrothermal Simulation, Masonry Walls,
Moisture Response.

1 Introduction
There is overwhelming evidence that continued increases in world greenhouse gas (GHG)
generation is impacting climate change on a global scale. Although Canada’s contribution to
world GHG’s has been trending downward from 1.8% to 1.6% over the last 10 years, it remains
9th overall in contribution to world GHG generation. Buildings in Canada contribute 12% of its
overall GHG annual total and this number has remained relatively unchanged between 1990
and 20172. Thus, significant room for improvement exists in Canada to decrease GHG’s for
both new and existing building stock.
The introduction of the National Energy Code of Canada for Buildings has initiated
significant enhancements to reducing the GHG’s of new buildings and additions to existing
buildings; however, many existing buildings, and particularly heritage buildings are presently
exempt from implementing the Code required changes to the building envelope to reduce the
contribution of greenhouse gas generation associated with heating and cooling loads.
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As part of the Canadian government’s recent drive to the “Greening Government” initiative,
heritage buildings forming part of the parliamentary precinct district in Ottawa are to be
retrofitted in the coming years to help reduce energy use for heating and cooling loads and
ultimately decrease greenhouse gas emissions. Such measures may require intensive
remediation and for heritage restoration projects may also involve changes to the building
envelope, including but not limited to, increased thermal resistance of the wall system,
enhanced precipitation managements strategies, and introduction of an air barrier. However,
sufficient number of case studies exist to conclude that caution is required when introducing
insulation to masonry wall systems on heritage buildings because of the changes in thermal and
moisture loads can induce damage, (Wilkenson, De Rose; Wojcik, Bomberg) principally by
freeze-thaw degradation.
Hygrothermal modeling is often used to assess the impact changes to materials and
assemblies in the building envelope may have on the durability of the exterior walls, primarily
due to cumulative moisture effects and the associated degradation actions. Hygrothermal
modeling for heritage buildings present a unique challenge for analysis, primarily because
owners of these buildings understandably have an entrenched expectation of a long Design
Service Life for mass masonry wall systems. The impact of climate change creates a potential
confounding error in the analysis if historical weather databases are used in the hygrothermal
model rather than databases for the predicted future climate.
The purpose of this paper is to present the results of the predicted durability analysis of one
of the several Parliamentary precinct buildings, specifically, the Wellington Building located at
180 Wellington Street in downtown Ottawa, Canada. A comparative study is completed on the
hygrothermal analysis for the typical masonry wall system of the building using both the present
climatic data and a revised climatic data base that incorporates changes to climate associated
with increasing levels of GHG’s. The impact of various insulation strategies on cumulative
moisture within wall materials and assemblies is also presented for discussion for both the
existing and predicted changes in climatic load files.

2 Problem Background
Many historical buildings have performed well for decades (Mario D. Gonçalves 2007) when
perimeter steam was used to heat the building and no forced air ventilation systems, or
humidification were implemented. The warmer masonry increased the moisture storage
capacity of the masonry, reducing condensation potential. Unfortunately, many multi-wythe
clay brick buildings have experienced significant degradation after the introduction of interior
insulation, forced air ventilation, and humidification (Mario D. Gonçalves 2007).
The presence of exterior Character Defining Elements in historical buildings prohibits the
introduction of exterior insulation; thus, insulation is typically applied over the interior surfaces
of the masonry to increase the thermal resistance of the wall section and decrease conductive
heat loss. However, during the heating season, the low temperatures on the interior face of the
brick masonry fluctuates in cold exterior temperatures and when combined with higher moisture
levels in the air promote the formation of condensation within the wall system. In order to
rationalize the introduction, location, and type of insulation to heritage buildings, a systematic
approach is needed, as for example that provided in NRC’s “Guideline for design for durability
of building envelopes” (Lacasse, et al.).
Ottawa is qualitatively considered to have a cold, wet winter. However, climate change
associated with increases in GHG’s is expected to create overall higher ambient temperatures
and rain fall. The Ottawa, Ontario historical (current) climate design values from Appendix C
of the National Building Code of Canada are summarized in Table 1, and changes in the design
parameters associated with global mean temperature increases of +2.0o C and +3.5oC are also
provided for comparison purposes (source ECCC).
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Table 1. Current National Building Code environmental loads and predicted loads based on mean global
temperature increases of +2.0C and +3.5C. (Gaur, Lacasse, Armstrong)
Scenario
Current
@ +2.0oC
@+3.5oC

2.5% Jan.
Degrees C
-25.0
-17.4
-11.7

2.5% July
Degrees C
+30.0
32.7
34.4

Degree Days
below 18C
4440
3609
3097

Annual Rain
mm
750
857
933

Snow Load
kPa
2.4
1.66
1.23

Hourly Wind
Press., kPa
0.41
0.41
0.41

Current models suggest that in addition to rising mean temperatures, the climate will become
wetter with estimated increases in annual precipitation of 8.1% and 14.4% for global
temperature increases of 2.0o and 3.5oC, respectively.
The primary goal of the broader investigation is to reduce the heating and cooling loads for
heritage buildings and thus, decrease the contribution of building operations to global GHG’s.
The application of insulation to increase the thermal resistance of exterior walls was therefore
analyzed using hygrothermal modeling to reveal deleterious moisture build-up, based on both
the existing historical climate loads and predicted changes in climate from increases in GHG’s.

3 Methodology
The commercial hygrothermal modeling program, WUFI6.3Pro was utilized for the analysis.
The material property input data for WUFI requires the bulk density, porosity, heat capacity,
thermal conductivity, and Water Vapour Resistance Factor. Bulk density, porosity, specific heat
capacity, and heat conductivity value approximations do not significantly influence the
hygrothermal analysis and estimates are generally sufficient (WUFI User Manual). A common
problem when undertaking hygrothermal modeling is obtaining the necessary material
properties for each of the components in the wall system (Wells, et al.). Material testing for all
parameters is time consuming and expensive and thus, alternative techniques have been utilized
to permit estimating the material properties required for the analysis, including the process of
clustering (de Place Hansen and Moller). The following summarizes the known properties and
assumptions made determining the material properties used in the present study while Figure 1
shows the plane of each material in the wall system.
-

-

Indiana Limestone (exterior): Quarrier provided data on all properties with the
exception of Water Vapour Resistance Factor. WUFI Data base on Krensheimer Shelly
Limestone has similar properties; therefore, the vapour resistance for Krensheimer
Limestone provided by the WUFI data base was used
Clay brick (e): Brick hygrothermal data available for red clay brick from Ottawa, tested
at NRC. Comparative analysis made to WUFI’s material data base on Red Matt Clay
Brick.
Parging(d): Historic Lime and Pozzolana from WUFI data base; largely based on
permeability.
Cork(c), Plaster (a), Paint, etc. from North American WUFI Data base

The Wellington Building was designed and substantially complete in 1927. Figure 1 shows
the existing building and interior cross-section; the painted plaster, air space, parging over two
wythes of red clay brick, faced by exterior Indiana Limestone veneer. The black spots on the
parging are the remnants of mastic that was used to bond one-inch cork insulation to the interior
face of the parging.
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a. Plaster
b. Air Space

c. Cork
d. Parging
e. Inner Brick

Figure 1. General elevation view and cross section of exterior wall showing parging and interior red brick
behind Indiana limestone veneer. Black spots are mastic used to bond one-inch cork insulation (Interior photo
courtesy of JM Carriere of Adjeleian Allen Rubeli Ltd.).

For the hygrothermal analysis, the National Research Council of Canada created WUFI
compatible hourly climate data files with assistance from Environment and Climate Change
Canada (ECCC). Access to both historical and future projected climate data permits, on the
basis of results derived from simulation, estimating the durability response for the exterior walls
due to changing climatic exposure conditions. Two climate files were provided; NRC1989,
representative of the historical climate loads over 31 years (1985-2016), and NRC2074,
characteristic of the predicted climate loads associated with global mean temperature increase
of +3.5C due to increasing levels of GHG’s. A second set of runs were completed as the base
case using the WUFI embedded ASHRAE RP1325 climatic data file for Ottawa.
A primary component of the overall investigation concerns the reduction in GHG generation
associated with heating and cooling loads and thus, we assessed the impact on the application
of insulation to the interior face of the parging (Figure 1 d.) which is bonded to the inner wythe
of brick.The assumption was that the existing interior plaster and cork insulation would be
removed to accommodate the new insulation. In total, three insulations were evaluated; open
cell polyurethane foam, closed-cell polyurethane foam, and mineral wool insulation. Open cell
was chosen to provide air leakage control, and thus an air barrier component on the interior face
to reduce interstitial condensation due to its air permeance well below 0.02l/(s-m2). Closed-cell
foam was chosen to provide both air and vapour diffusion control. Finally, mineral wool was
also evaluated because of its reversibility and non-combustibility. Each insulation was covered
with painted drywall.
With respect to the level of thermal resistance considered for the retrofit, the energy
consultant to the project suggested that economics would likely negate a cost-benefit ratio if
more than RSI 1.75 to 2.11 were applied. Thus, the hygrothermal models were based on 75 mm
of open-cell foam, 50 mm closed-cell foam, and 65 mm of mineral wool such that all levels of
thermal resistance were within close agreement.

4 Results
To rationalize the number of hygrothermal model runs to be completed, the existing wall
performance, without added insulation was examined based on the climatic data file for
ASHRAE 160 embedded into the WUFI program. The ASHRAE 160 - RP1325 historical
climate file was found to be generally colder and wetter than that provided in the NRC1989
data and was therefore used as the base or existing case. Four models were run, one for each
face of the building, upper elevation to establish the governing case with respect to the largest
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moisture build-up. Based on the building’s size and geometry, it was confirmed that the upper
north face of the building produced the greatest moisture accumulation for both the existing and
projected climate change models, NRC2074. Thus, the focus of the investigation centred on the
north face. In total, 24 individual hygrothermal model runs were completed for the analysis
using an exposure period of five years. Model results were based on with and without the 1%
retained moisture, as specified in the ASHRAE 160. In addition to modelling the performance
of the existing wall cross-section, the impact of introducing three types of insulation was
examined, each applied to the thickness required to increase the thermal resistance of the wall
section to approximately RSI2.5.
The following table summarizes the results obtained for the existing ASHRAE Year 1
historical climatic load file, and the predicted performance, based on the 3.5oC mean increase
in global temperature, NRC2074. The results show that conditions tend to stabilize seasonally
in years three to five; thus, where relevant, the minimum and maximum moisture content is
provided. Where moisture levels continue to increase over time, a “˄” has been added to show
that the moisture content is generally increasing and not remaining stable over time.
Table 2. Five- year moisture content layer based on existing historical climatic data file and projected
climate change model (NRC2074) for base case and insulated wall options.
Scenario
Exist. Wall
Exist. + NRC2074
Mineral Wool
M.W. + NRC2074
Open Cell Foam
OCF+ NRC2074
Closed Cell Foam
CCF+ NRC2074
M.W.+Infilt + NRC2074

Total Water
Content
(kg/m3)
6.0 ˄
6.0
6.5 ˄
6.5
6.5 ˄
6.5
6.2 ˄
6.5
6.5

Limestone
M.C. (%)
Max.
Min.
0.37
0.24
0.37
0.25
0.36
0.23
0.39
0.25
0.36
0.22
0.42
0.26
0.36
0.22
0.42
0.26
0.37
0.23

Brick
Layer M.C.
(%)
2.7
2.90
2.80
2.90
2.80
2.90
2.80
2.90
2.90

Parging M.C.
(%)
Max.
Min.
0.63
0.45
0.55
0.38
1.8
0.40
1.5
0.32
1.8
0.40
1.4
0.32
0.85
0.50
0.77
0.40
2.3
0.40

From the information provided in Table 2, it may be seen that although the climate change
model produces higher volumes of annual precipitation, no deleterious levels of moisture buildup were observed in the wall system. In fact, moisture levels remained relatively consistent,
irrespective of the insulation type applied to the interior face of the walls. Moisture content for
all scenarios is well below critical saturation of the masonry materials as the moisture storage
capacity for the limestone, brick, and parging is over 70 kg/m3, 50 kg/m3, and 30 kg/m3,
respectively (WUFI Material Data Base).
The ASHRAE 160 recommendation of 1% retained moisture is observed to be the primary
driver for increasing moisture content in the walls and based on the results for the existing, wall
section (with and without insulation), the model results are indicative of continuing increases
in moisture with time of exposure. The climate change model, NRC2074 appears however, to
stabilize the moisture accumulation in the walls, regardless of the insulation type applied. The
information provided in Figures 2 and 3 show the total water content for the mineral wool
insulated wall section based on the current historical ASHRAE 160 climate data file, and the
predicted climatic file based on the 3.5oC mean increase in global temperatures, NRC2074.
From the figures, the total moisture content quickly reaches a semi-asymptotic value for the
climate change model whereas the historical data file creates a continuing increase in moisture
within the wall system. We postulate that the increasing temperatures, as projected in the future
under a warming climate, are facilitating a drying process of the walls.
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Figure 2. Total moisture content for mineral wool case based on historical ASHRAE 160 climatic data file.

Figure 3. Total moisture content for mineral wool case based on NRC 2074 climate change data file.

One of the principal concerns about the durability of heritage buildings with the inclusion of
interior insulation is the potential to reduce masonry wall temperatures below freezing, and to
increase the likelihood of freeze-thaw degradation. For the NRC2074 climate file, we
introduced air infiltration as a moisture source through the mineral wool insulation model to
enable assessing the impact that condensation may have on increasing wall moisture levels.
From Table 2, the simulation scenario labelled “M.W. +Infilt. + NRC2074” shows that the
moisture levels of the parging and inner wythe of brick predictably increase; however, moisture
content remains well below any reasonable limit that might initiate freeze-thaw degradation.
The number of hours per year that the interior face of the parging is below freezing was also
found as a simple comparison to evaluate the impact that the different types of insulation have on
keeping the interior parging below freezing. A summary of the results of the analysis are given in
Table 3; these have been extracted from the WUFI data file in which the mean number of hours
per year are provided for the interior parging. It shows the number of hours that the interior
parging will be below freezing based on the future projected data (NRC2074) and the same for
the historical climate data.
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Table 3. Mean number of hours per year interior parging (bonded to inner brick) is below freezing based on
existing and projected climate temperatures for existing wall and insulation options.

Climate File

Existing Wall

Historic Climate
Predicted Climate, NRC 2074

718 hrs
0 hrs

Mineral
Wool
1514 hrs
604 hrs

Open Cell
Foam
1640 hrs
740 hrs

Closed Cell
Foam
1733 hrs
830 hrs

The differences in the number of hours per year below freezing amongst the different types of
insulation used to retrofit the walls is a function of the type of material and minor differences in
the thermal resistances provided by the various insulation types. Regardless, from the information
provided in Table 3, the warming climate predicted with the 3.5oC mean global temperature
increase will have a dramatic effect by reducing the number of hours the interior parging and
inner wythe of brick experiences temperatures below freezing. The warming temperatures may
therefore reduce the concern of installing insulation on the interior face of the masonry.

5 Summary and Conclusion
Hygrothermal modeling was utilized to establish if projected changes in temperature and
precipitation loads predicted by climate change models from a warming climate will impact the
durability of a masonry heritage building, located in Ottawa, Canada having insulation
introduced on its interior wall face. The significant findings are summarized below.
-

Increasing levels of GHG concentrations has the potential to raise the mean global
temperature by +3.5oC degrees. The predicted impact on Ottawa’s climate will be
significant, increasing precipitation annually by 14.4% and decreasing the January
winter design temperature from -25.0oC to -11.7oC or by 53%.
- Results show that although the climate change model produces higher volumes of
annual precipitation, no deleterious levels of moisture build-up were observed in the
masonry wall systems studied. In fact, moisture levels remained relatively consistent,
irrespective of the insulation type applied to the interior face of the walls. Accumulated
moisture content for all scenarios is well below critical saturation of the masonry
materials.
- Total predicted moisture content in the wall system quickly reaches a semi-asymptotic
value for the climate change model whereas the historical data file creates a continuing
increase in moisture within the wall system. The increasing temperatures appear to
facilitate drying of the walls.
- The warming climate has a dramatic effect by reducing the number of hours below
freezing experienced by the interior parging and wythe of brick. The existing wall
section, without insulation was predicted to have no hours below freezing along the
interior wythe under future climate change loads versus 718 hours under historic loads.
With the inclusion of insulation, the reduction in hours below freezing varies from 60%,
55%, and 52% for mineral wool, open-cell foam, and closed-cell foam, respectively,
under exposure to future climate loads versus historic climate loads.
The placement of insulation on the interior face of masonry walls in heritage buildings is a
proposed solution to reducing heating and cooling loads, and thus, to reducing GHG generation.
Using hygrothermal analysis, the study shows that the warming temperatures resulting from
climate change potentially will substantially reduce the number hours of freezing temperatures
experienced by the interior wythe of masonry, maintain the moisture content of the masonry
below a damage threshold, and therefore may reduce the potential for freeze-thaw damage to the
masonry. The interior application of moderate levels of insulation should therefore be considered
for retrofit measures for this heritage building, located in Ottawa, Canada, without increasing the
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risk of damage to the wall. Future studies are proposed which will include a comparative analysis
of the hygrothermal results based on testing the actual masonry materials in the Wellington
Building in order to validate the material assumptions made in the present study.
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Abstract. The Danish Building regulations are function based and describe in broad terms which
requirements must be fulfilled. The main message is that buildings and their structures must be built in
such a way that they have a satisfactory functionality and durability i.e. that materials and constructions
used can resist the stresses they are exposed to under use. However, there are no Danish guidelines on
how to document fulfillment of the requirements. Durability largely depends on moisture related
problems, and many failure modes/mechanisms are linked to moisture conditions. It is a prerequisite
that the hygrothermal performance of a building component is satisfactory if a long service life shall be
obtained. The paper will demonstrate how the risk of moisture problems is assessed in Denmark by
using a stud wall as an example. However, simulations can be used for documenting the expected
performance of wall assemblies, under in use conditions, however is not a conditional necessity. Even
though an evaluation or simulation of moisture conditions show satisfactory results problems can occur
e.g. if unsuited materials are used or if materials or building elements are used in another way than
foreseen. A few examples are shown how simulations could and could not be used to determine whether
a structure would have a long service life or not. Finally, a comparison of simulations, calculations and
measurements are performed to illustrate the difference in results from moisture assessment that can be
achieved based on assessment methodology.
Keywords: Performance Criteria, Assessment of Durability, Documentation, Function-Based,
Moisture Simulation.

1 Introduction
Durability of building materials, components or elements is a crucial parameter in the design
of buildings with a long service life. To design for durability, it is necessary to consider which
environment the building element is located in, the agents that can degrade the materials and in
case of degradation how to maintain or repair the building element (ISO, 2008; Morelli and
Lacasse, 2019). Moisture damage is perhaps one of the most critical agents limiting the
building’s service life causing premature degradation of building elements (Nevalainen et al.,
2010; Becher et al., 2017) and contamination of indoor environment (Hägerhed-Engman,
Bornehag and Sundell, 2009). A too high moisture content for too long can cause degradation
of components inside building elements and/or biological growth of e.g. mould. Consequently,
studying the coupled heat and moisture transport in structures is essential to improve or
document the performance of the building envelope.
This paper presents a number of methods that might be applicable to document the service
life as required in the Danish Building regulations (BR, 2019) related to moisture problems.
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Furthermore, the paper will discuss if hygrothermal simulations are needed for evaluating the
durability of the design of structures. Using an exterior wooden-stud wall as example, the paper
discusses how the risk of moisture problems can be assessed applying different methodologies.
Furthermore, calculations/simulations are compared to measurements conducted in the stud
wall, to illustrate how the documentation of the expected performance can be conducted.
Finally, two examples are presented on failure mechanisms, where unsuited materials or design
is used for a given outdoor climate.
1.1 Prescriptive or Performance-Based Building Regulations
During the past decades, the Danish building regulations have amended from prescriptive
building regulations towards performance-based regulations. Gottlieb and Frederiksen (2019)
mention the accelerating development of new products and materials as contributing to change
the building regulations towards performance-based requirements. The development from
prescriptive to performance-based regulations are seen in the building style of older apartment
buildings in Copenhagen. Many old buildings constructed around 1900 have similar façade
appearance because the building regulations had prescriptive requirements related to the
building design; whereas the appearance of today’s building stock is more varying. The
performance-based regulations describe the functional attributes that e.g. building components
must fulfill. These requirements can be achieved with several designs; i.e. the regulations do
not any more describe how to build but rather what performance the finished buildings shall
have.
The chapter of the building regulations related to energy consumption set out a maximum
allowable energy consumption for the entire building (BR, 2019, §259-260) and an upper
threshold for the U-values of the structures (BR, 2019, §257). In the chapter related to moisture,
the regulations only describe that buildings and their structures must be built in such a way that
they have a satisfactory functionality and durability, and that materials used can resist the
environment they are exposed to (BR, 2019, §334). The energy and moisture examples illustrate
the variation in details of the Danish building regulations, that consulting engineers and
architects faces (hereafter referred to as designers). On the one hand, exact energy requirements
are given (and there exist a tool to use for documentation); however, on the other hand there is
no methodology to document that moisture will not result in moisture problems in the structure
or indoor climate. Regarding documentation of moisture related properties, the designer can
perform, e.g. Glaser method calculation (Glaser, 1958) or detailed hygrothermal simulations in
1D or 2D; however, it is up to the designers to decide on the level of documentation for whether
the structures comply with the building regulations. A random check is performed in 10% of
building projects with occupation permit, however, the random check does not necessary
include an evaluation of the moisture documentation.

2 Methods for Assessing Moisture Problems
Designers of structures can use a variety of methods to support or document that the structure
is durable regarding moisture exposure under in use conditions. However, the different methods
all have limitations. The authors understand that the methods described below are those most
commonly used in Denmark. The approaches are ranked from simple to complex, and can be
used to evaluate the risk of moisture problems, where mould growth is considered the first
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indication of a mediocre structure design, which can contribute to health problems indoors.
1. “Common best practice” or learn from experience. This is normally supported by
guidelines (e.g. www.anvisninger.dk) and experience documents (e.g. Building defect
sheets, www.byg-erfa.dk) made on basis of experience from the use in practice.
Normally, materials and building elements described in this literature function
satisfactory under the given climate condition etc. No calculations or further
documentation for properties is needed.
2. Simulation of isotherms combined with determination of the point where the relative
humidity exceed 75% or condensation. This is used in more complex structures of 2D
problems. Combined with considerations of the indoor environment and temperatures
in the construction this is a simple evaluation method. The designer has to decide on the
evaluation criteria of a given relative humidity, which normally is set to 75%.
3. Glaser calculation according to EN 13788 (EN ISO, 2012). This includes calculation of
surface and interstitial condensation including drying out of the structure or evaluation
of critical points exceeding 75% relative humidity. Glaser is used on 1D problems.
4. Hygrothermal simulations in 1D or 2D. In more complex structures simulation
programs can be used to determine the conditions in the structure and on all internal
surfaces. This method is the most comprehensive approach for assessing moisture
conditions in building elements. However, the results are to be post-processed with
another evaluation tool.
Depending on the chosen approach (1-4), the simplest evaluation is to check if the relative
humidity exceed a threshold value of 75%. Post-processing methods that are more sophisticated
are developed to evaluate for example the performance of exterior walls with respect to
exposure of high moisture load for too long. In these methods both time, temperature, moisture
level and material are considered. For organic materials, this would especially be with respect
to evaluating the risk of mould growth and/or wood rot, whereas for inorganic porous materials
it could be evaluating the risk for freeze-thaw damages. Other types of environmental actions
could be subterranean termites, drying and shrinkage as well as alkali-aggregate reactions.

3 Example of Measurements, Calculation and Simulation
In this example, we consider an exterior wood-stud wall constructed with 465 mm glass-fiber
insulation as shown in Figure 1 and installed in a single-family house. The vapour barrier was
mounted behind the first inside insulation layer. In the wall, measuring devices were installed
to measure temperature and relative humidity. The measuring points were located in the interior
insulation against the vapour barrier and in the exterior insulation against the plywood board.
The measurements were conducted from October 2013 to March 2014.
3.1 Boundary Conditions
The Glaser calculation used boundary conditions from October to March; i.e. monthly average
values of temperature and relative humidity for Denmark and internal humidity class 2 (EN
ISO, 2012) for the interior climate, see Table 1.
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Figure 1. Exterior wood-stud wall with 465 mm insulation.
Table 1. Climate data for Glaser calculation. Temperature in oC and relative humidity in %.

Tin
RHin
Tout
RHout

October November December
20
20
20
57
53
49
9.2
5.0
1.6
87
91
88

January February
20
20
46
46
-0.6
-1.1
94
91

March
20
49
2.6
91

In the hygrothermal simulations, weather data from Lund in southern Sweden (close to
Denmark) was used as exterior boundary conditions, and the indoor climate was set according
to the internal humidity class 2. Based on the results from the simulations the risk of mould
growth was evaluated on the outside of the plywood and the inside of the vapour barrier, which
then are comparable with the measurements and Glaser calculation.
3.2 Results from Measurements, Calculations and Simulations
Figure 2 show the results from WUFI simulations (Künzel, 1995), Glaser calculations and
measurements for the period October to March. The results are not a validation of the three
methods but only a way of illustrating how different approaches can bring different results.

4 Discussion
Designing for durability requires that designers consider several aspects where some
information is difficult to predict e.g. climate changes and some are unknown e.g. material
properties of new products. de Place Hansen et al. (2020) present a systematic review of new
products used in building envelope structures, aiming at reducing the risk of using unsuited
materials.
Using common best practice documents for design is based on many years of experience.
However, the conditions under which the building elements perform is retrospective and the
used materials and components are well known. Therefore, one might question how these
structures will perform in the future with expected climate changes. These common best
practice designs of the building envelope, further presume that built-in moisture is very limited,
and that eaves protect the walls. The common best practice designs do not require
documentation of the long-term performance, as this is implicit in the documents published.
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Figure 2. Results from WUFI simulations, Glaser calculations and Measurements from October to March.

Considering the other three methods (isotherm -, Glaser calculations and hygrothermal
simulations) presented for assessing moisture problems in structures, all take into account
interior and exterior boundary conditions differently. In a Danish context, the different methods
are challenged by the different outdoor climate used, e.g., that Glaser calculation uses monthly
average values of temperature for a Danish reference year. Danish weather data does not exist
for hygrothermal simulations where rain data are included. Therefore, weather data for either
Sweden or Germany are used, as these are the closest data that is available. Finally, isotherm
calculations only consider temperature.
The climate that the building envelope is exposed to – and especially moisture as an agent
that might reduce the durability – is perhaps the most important. Therefore, moisture exposure
during the construction phase should be limited as far as possible, thus increasing the durability.
The application of the four approaches are presented as methodologies for assessing the
moisture durability of building envelope structure. Depending on the complexity of the
structure or (un)known materials, one of the four approaches could be used for documenting
the moisture durability, see Figure 3.

Figure 3. Example of an approach on how to document the moisture durability depending on complexity or
(un)known materials.

305

Martin Morelli and Erik Brandt

Hygrothermal simulations are highly relevant in the toolbox of the designer when assessing
the durability of building envelope structures. Therefore, it is important to investigate how the
building envelope perform under future climate conditions. Performing simulations with a
varying climate e.g., as in Canada using cycles of wet-wet-dry years, future climates as can be
found under Climate for Culture (a project that investigating the potential impact of climate
change on Europe’s cultural heritage assets) or weather data with 50 years of occurrence might
be needed. Nevertheless, investigating the structure with a retrospective outdoor climate file for
several continuous years seems to be insufficient.
In Denmark, the use of hygrothermal simulations become more popular in the design of new
structures. However, there exist no guidelines on how to approach such a task and how to assess
the output from the simulations. Therefore, the documentation of the requirements in the
building regulations depends on the individual designer. The authors suggest that a guideline
for design for durability is developed in Denmark. Such a guideline could be inspired by the
“Guideline on design for durability of building envelopes” (Lacasse et al., 2018) that is
suggested to be implemented in the Canadian building codes. The guideline seems to be
reasonable when having known materials that are built together in a different way as described
in the common best practice documents. However, the application of the methodology is a
challenge when new products are brought to the market that are not already incorporated in
hygrothermal simulation programs or for which relevant material properties are not available –
here a best estimation must be performed based on the known properties. New materials could
be developed for a specific function in a stud wall, however the designer or contractor might
suggest to use this new product instead of another product. In such cases, the product might be
misused leading to major problems for the building owner. Such cases do not seem to be able
to detect using hygrothermal simulation programs.
Performing assessment of the building envelope design also requires post-processing that
are anchored in the national building regulations, thus a uniform assessment of the building
envelope design for durability can be performed by different designers across the country, such
an approach was presented by Overton (2019) for New Zealand.
4.1 Example of Problems Despite Good Results of Moisture Assessment
Even though an evaluation or simulation of moisture conditions show satisfactory results
problems can occur e.g. if unsuited materials are used or if materials or building elements are
used in another way than foreseen. A couple of examples are given below to illustrate the
problems that may be encountered.
4.1.1

Use of MgO boards as wind barrier

MgO boards were introduced in Denmark for use as wind barriers in facades etc. around 20092010. Several different suppliers described the material as well suited for the use. The boards
had many good properties including permeability, strength, weight, fire properties, workability
and price. Due to the price and workability, the boards quickly became popular and gained a
good market share even though there was not sufficient impartial documentation. After about
five years problems started to occur. The use of boards as wind barrier meant that the boards
were exposed to high relative humidity in longer periods of the year. This caused problems as
the boards contains salt, which absorbs moisture until the boards start to “cry”, i.e. salty water
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was running from the boards. This caused problems with increased moisture levels in the
neighboring materials, corrosion of fastener, screws etc. and mould growth.
The main problem here was that the degradation mechanisms for the material were not
identified before the products was used. In this case, an identification of the properties of the
board could have revealed that it was not able to withstand the environment in which it was
envisaged to be used. A simulation of the moisture content on the wind barrier could have been
used to identify the conditions the product would be exposed to.
4.1.2

Use of building elements in harsher environment

In Denmark moisture simulations and full scale tests have shown that wooden facades under
certain conditions may be used without ventilation behind the outer cladding.
Recently, the Danish Building Research Institute was asked if the construction also were
suited for use in a summer cottage near a coastline exposed to a lot of severe wind (and
consequently a lot of driving rain). In this case, a construction tested under conditions
simulating a heated house exposed to “normal” wind was proposed to be used under quite
different conditions, i.e. no heating in winter time and therefore no vapour pressure to remove
moisture from the wall, and at the same time risk of more water penetrating through the cladding
due to the increased driving rain exposure.
The main problem here is that a correct assessment or simulation is not used – the result of
the assessment might be quite different in the less favourable environment. Of importance is
that one must understand the context of simulation results and the assumptions/limitations on
those results before applying to new scenarios.
4.1.3

Degradation mechanisms must be identified

In order to make a good overall evaluation of the durability of a product it is a necessary
condition that an assessment/simulation of the hygrothermal conditions is performed.
However, this is not a sufficient condition as it is also necessary to identify the degradation
mechanism of the material or building component and the anticipated assemblies these are
envisioned to be used in. The degradation mechanism may be identified partly based on
knowledge about the material(s) used. Further, it should be investigated what the functions are
of the product, which environment it will be used in (what is the product exposed to) and which
properties are necessary.
To ensure long service life materials or building elements should be chosen so they have the
sufficient properties. Proof of this should be documented by testing/evaluation of an impartial
body.
In case the use conditions are changed as mentioned in the above example (4.1.2) or if the
product is envisaged to be used for quite other purposes – i.e. with new functions – a new
investigation of degradation mechanisms has to be performed as, exposure to another
environment must be expected and the necessary properties therefore may be different.

5 Conclusion
To conclude, the authors do not believe that hygrothermal simulations always is the way of
documenting building envelope design for its durability. However, the simulations are a strong
tool to support the documentation and investigation of new structures that consist of known
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materials and components. In any case, the designer must first determine the agents effecting
the durability, and then decide how this can be documented e.g. applying hygrothermal
simulations. Using new materials, the authors do not believe that environmental actions such
as agents causing corrosion or decay always are identified as this depends on the designer
knowledge. Furthermore, action effects are not necessary made visible through the simulations
as new materials are not tested and available in hygrothermal simulation programs. In such
cases, the simulations can be used to determine the microclimate that the new product is placed
in and its required properties to secure a long service life.
The authors suggest, that in the Danish context, a Guideline on design for durability of
building envelope is developed and guidelines for assessing results from hygrothermal
simulations. Such two guidelines will be a valuable support for designers when they have to
document the durability of structures according to the requirements in the performance-based
building regulation. The authors outlined a framework for an approach on how to combine
moisture assessment methodologies to the complexity of building envelope structures.
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Abstract. Internal insulation of masonry walls may significantly increase the decay risk of embedded
wooden beams due to lower temperature and consequently lower drying potential in the existing wall.
Since high moisture contents will affect the performance and service life of wood, the study of
moisture-related damage problems in wooden beam-ends in internally insulated masonry walls is of
great importance. In the previous studies, the numerical study of hygrothermal performance of
wooden beam-ends is performed only with 2D models. In this paper, we study whether a 2D numerical
model can represent accurately the 3D hygrothermal behavior of wooden beam-ends. Therefore, the
difference between 2D and 3D model results of the hygrothermal performance of wooden beam-ends
embedded in an internally insulated masonry wall is analyzed. The difference of temperature and
relative humidity in wooden beam-end between 2D and 3D models is in general small. However, 2D
hygrothermal models show much lower relative humidities and thus lower moisture risk at some
locations in the wooden beam-end. We find that a 3D hygrothermal model more accurately simulates
the hygrothermal behavior.
Keywords: Interior Thermal Insulation, Wooden Beam, 2D Modeling, 3D Modeling.

1 Introduction
Many historical buildings are built with solid brick walls and wooden beam constructions.
These buildings are mostly not energy efficient and represent a significant energy-saving
potential. For some historical buildings with a worth-preserving facade, the only possible
energy renovation measure is internal wall insulation. Internal insulation of masonry walls
may significantly increase the moisture-related damage risk of building materials and
components due to lower temperature and consequently lower drying potential in the existing
wall ( Morelli and Svendsen, 2013; Harrestrup and Svendsen, 2016; Zhou et al., 2017; Zhou
et al., 2018). The floors in old masonry buildings are often carried by wooden beams
embedded in the brick. The study of moisture-related problems in wooden beam-ends in
internally insulated masonry walls is of high practical and scientific importance (Kehl et al.,
2013).
Field investigation and numerical study both indicate that exterior render affects water
uptake by external walls during wind driving rain events ( Künzel et al., 2004; Pazera and
Bomberg, 2010; Guizzardi et al., 2015; Zhou et al., 2018). Exterior renders with high liquid
water permeability tend to lead to high moisture contents in the masonry. It is important to
study the hygrothermal behavior and durability risk of wooden beam-ends after internal
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insulation for renders with different rain protection.
Moisture and heat transport in masonry wall with wooden beam is in reality a threedimensional problem. However, many studies use only 2D hygrothermal models to study the
moisture risk of wooden beam-ends in internally insulated masonry (Johansson et al., 2014;
Guizzardi et al., 2015; Harrestrup and Svendsen, 2016). In a 2D model, wooden beam is
assumed to have the same width as the wall envelope. However, in reality, the width of
wooden beam is much smaller compared to that of wall envelope. It is still an open question
whether a simplified 2D numerical model can represent accurately the hygrothermal
conditions as modelled in 3D. The aim of this paper is to compare 2D and 3D hygrothermal
modelling of the hygrothermal performance of wooden beam-ends embedded in an internally
insulated masonry wall.

2 Modelling
2.1 Methodology
Because of modelling restriction, it is hardly feasible to model all bricks and mortar joints of a
masonry wall in 3D, since it would lead to very large meshes and high computational costs.
Therefore, some simplifications are needed to model the masonry wall in 3D. First, a 2D
model with a detailed distribution of bricks and mortar joints is built. Then a 2D model with
simplified distribution of bricks and mortar joints is built and compared with the detailed 2D
model. The simulated results from these two 2D models are compared and discussed. Finally,
based on results of the simplified 2D model, a simplified 3D model is developed.
A typical masonry wall structure of Switzerland is considered for this analysis. The
geometry of the 2D model with detailed distribution of bricks and mortar joints is shown in
Figure 1. The 2D model comprises from exterior to interior in an exterior render, a masonry
wall (three wythes of brick), an original interior plaster, an aerogel-based insulation layer and
a new interior plaster layer. In the geometry, there is a 1-cm thick air gap at the wooden
beam-end, which prevents direct contact between the wooden beam and the masonry and
functions capillary break. A simplified 2D model of this wall is shown in Fig. 2, where the
horizontal mortar joints are neglected. The horizontal mortar joints have much smaller liquid
permeability compared to brick. Liquid water bypasses the horizontal mortar joints and
transports to the inside mainly through brick. The vertical joints are however barriers to liquid
transport and have to be considered. The 3D model follows the geometry of the simplified 2D
model (Figure 3). In 3D, the width of masonry wall is 100 cm and the width of wooden beam
is 20 cm.

Figure 1. A detailed 2D schematic representation of wooden beam in an internally insulated masonry wall.
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Figure 2. A simplified 2D schematic representation of wooden beam in an internally insulated masonry wall.

Figure 3. A 3D schematic representation of wooden beam in an internally insulated masonry wall.

2.2 Material Properties
Three types of exterior render are considered: cement lime plaster, lime cement plaster and
mineral plaster, which are used to study the influence of the rain protection by the render on
moisture-related damage risk of wooden beam-ends embedded in an internally insulated
masonry wall. The properties of renders are taken from the WUFI material database (Künzel,
1995). The cement lime plaster shows the highest liquid permeability, followed by the lime
cement plaster and the mineral plaster shows the lowest liquid permeability and thus the
highest rain protection. No hydraulic interface resistance is considered between brick and
mortar. The material properties of brick and interior plaster is from Hagentoft et al., 2004.
The material properties of mortar and aerogel plaster are from Guizzardi et al., 2015. The
wood of the beam is spruce. Its material properties are obtained from the WUFI database
(Künzel, 1995). The wood is considered anisotropic, with longitudinal direction along the
beam orientation. Vapor permeability, liquid permeability and thermal conductivity along
longitudinal direction are different from those of radial and tangential directions.
2.3 Initial and Boundary Conditions
The hygrothermal performance analysis is based on the moisture reference year of 1999 for
Zurich (Zhou et al., 2016). This year is a wet year with a return period of 10 years. The
selected wall orientation is 240 degrees from north (WSW), which shows the highest risk for
moisture-related problems. This orientation is selected based on the procedure proposed in
Zhou et al., 2016. The exterior conditions consists in hourly values of meteorological data
from the MeteoSwiss meteorological station. The exterior convective heat transfer coefficient
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is calculated according to European standard EN15026. The exterior mass transfer coefficient
is related to the exterior convective heat transfer by use of the Lewis analogy. The winddriven rain load on wall surface is calculated according to ASHRAE Standard 160 - Criteria
for Moisture Control Design Analysis in Buildings (TenWolde, 2008). According to Künzel
and Kiessl (1996), 70% of the wind-driven rain hitting the façade stays there; the rest splashes
off the surface and falls to the ground. The interior conditions are determined according to the
European standard EN15026, in which the indoor air temperature and relative humidity
depend linearly on the outdoor temperature. The building components have an initial
temperature of 20.0 °C and relative humidity of 60%. The simulation is started from October
1st, and repeated for 8 years. The results of the 8th year, which are found to be independent
from the initial conditions, are used for further analysis.
2.4 Governing Equation for Moisture and Heat Transport
The three-dimensional governing equations for coupled moisture and heat transport in the
building wall envelopes are the following [17]:

with
Vapor flow:
g v = −δ vx ⋅

∂w ∂pc
+ ∇ ⋅ (g l + g v ) = 0
∂pc ∂t

(1)

liquid flow: gl = − K lx ⋅∇pc − Kly ⋅∇pc − Klz ⋅∇pc

(2)

pv
pv
pv
⋅ ∇pc − δ vy ⋅
⋅ ∇pc − δ vz ⋅
⋅ ∇pc
ρl ⋅ Rv ⋅ T
ρl ⋅ Rv ⋅ T
ρl ⋅ Rv ⋅ T

(3)

pv
pv
pv
−δ vx ⋅
( ρl ⋅ Lv ) ⋅ ∇T − δ vy ⋅
( ρl ⋅ Lv ) ⋅ ∇T − δ vz ⋅
( ρ ⋅ L ) ⋅ ∇T
2
2
ρl ⋅ Rv ⋅ T
ρl ⋅ Rv ⋅ T
ρl ⋅ Rv ⋅ T 2 l v

∂T
(4)
+ ∇ ⋅ (cl ⋅ (T − Tref ) ⋅ gl + (cv ⋅ (T − Tref ) + Lv ) ⋅ g v =−∇(λx ∇T + λ y ∇T + λz ∇T )
∂t
where w is the moisture content (kg/m3), pc is the capillary pressure (Pa), g l and g v are the
(c0 ⋅ ρ0 + cl ⋅ w) ⋅

liquid and vapor flow (kg/m2s), K lx , K ly and K lz are the liquid permeability in the x, y and z
direction (s), δ vx , δ vy and δ vz are the water vapor permeability in the x, y and z direction (s),

pv is the vapor pressure (Pa), ρl is the density of water (kg/m3), Rv is the gas constant of
water (J/kg K), T is the temperature (K), c0 is the specific heat capacity of solids (J/kg K), cl
is the specific heat capacity of water (J/kg K), cv is the specific heat capacity of vapor (J/kg
K), ρ0 is the density of solids (kg/m3), Tref is the reference temperature (273.15 K), Lv is the
latent heat of vaporization (J/kg), λx , λ y and λz are the thermal conductivity in the x, y and z
direction (W/mK). For two-dimensional model, the variables in the Y direction is neglected.
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3 Results
3.1 Comparison of Results Between Detailed and Simplified 2D Model
The simulated results are given for three selected positions at the wooden beam of the 2D
detailed and simplified models. The three positions are points A, B and C shown in Fig. 1 and
2. Point A is located next to the air gap in front of the wooden beam. Points B and C are
located on the top of the wooden beam in contact with the masonry wall. Point B is located
slightly more to the inside compared to Point C. Although the distribution of bricks and
mortar joints is different between the detailed and simplified 2D models, the relative
humidities are very close between these two models (Figure 4). For render of cement lime
plaster and mineral plaster, the largest difference in relative humidity between the two models
is less than 0.01. For render of lime cement plaster, the largest difference of relative humidity
is less than 0.02. For all the three renders, the relative humidities are almost the same between
the two models at Point C. In general, the relative humidity from the simplified 2D model is
slightly higher during the cold period, whereas it is slightly lower during the warm period. As
the moisture-related damage such as mould growth occurs in the cold period, the result from
simplified 2D model will be slightly conservative compared to the detailed model. The
difference of temperature between different points is very small. The largest difference in
temperature is less than 0.1 K. Considering the small difference of relative humidity and
temperature between the simplified and detailed 2D model, simplification of the detailed
distribution of brick and mortar joint is reasonable and justified and the simplified 2D model
can well represent the detailed 2D model.

Figure 4. Temperature and relative humidity at Point A, B and C in detailed and simplified 2D model.
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3.2 Comparison of Results Between 2D and 3D Model
3.2.1

Comparison of Temperature

In 3D we consider the real width of the wooden beam of 20 cm, while in 2D the wooden
beam covers the total width of the wall. Although wood has rather low thermal conductivity,
it is still much larger than that of aerogel plaster. Therefore, the wooden beam works as a kind
of thermal bridge in the internally insulated masonry wall. Due to the higher heat flux in the
beam, the middle cross section of the wooden beam embedded in masonry wall will be
warmest cross section of the wooden beam during winter period, while the outermost surface
in contact with masonry wall will be the coldest one. So, we consider the temperature in the
points A, B and C in the middle section and in the surface in contact with the masonry (called
outermost cross section). In general, there are some differences of temperature between the
2D and 3D models (Fig. 5). The temperature in the 2D cross section is the highest. The higher
temperature in the 2D cross section is due to larger width of wooden beam and thus larger
thermal bridge effect in the 2D model. The largest temperature difference at points A, B and
C between the 2D and 3D cross sections is 1.08 K, while the smallest one is 0.02 K. In the 3D
model, the temperature from the center cross section is higher than that in the outermost cross
section. The largest temperature difference at points A, B and C between the 3D middle and
3D outermost cross sections is 0.46 K, while the smallest one is 0.02 K.

Figure 5. Temperature at Points A, B and C in simplified 2D model and middle and outermost cross section of
the 3D model in winter period.
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3.2.2

Comparison of relative humidity

The differences in relative humidity among different cross sections is large at point A (Figure
6). The largest difference is in the wall envelope with mineral plaster (low liquid
permeability), which can reach 0.06. In general, the fluctuation of relative humidity at the
outermost cross section of the 3D model is larger than at the central cross sections, especially
during the cold periods. Relative humidity at point A at the central and outermost cross
sections is quite different whereas relative humidity at points B and C at the central and
outermost cross sections is very close. For the wall envelope with mineral plaster, relative
humidity at point A is continuously below 0.8 in the 2D model while it can be above 0.8
continuously from February to June at the outermost cross section in the 3D model. The 2D
model will in general underestimate to some extent the moisture risk compared to 3D model.
If the study is to have accurate relative humidity in the wooden beam-end, it is not appropriate
to replace a 3D model with a 2D one.

Figure 6. Relative humidity at Points A, B and C in simplified 2D model and central and outermost cross section
of the 3D model.

13 Conclusions
-

The hygrothermal performance of a wooden beam-end embedded in an internally
insulated masonry wall is analyzed using 2D and 3D hygrothermal models.
The difference of temperature and relative humidity in wooden beam-end between 2D
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and 3D models is in general small. However, 2D hygrothermal models show much
lower relative humidities and thus lower moisture risk at some locations in the wooden
beam-end. In general, a 3D hygrothermal model can more accurately represent the
hygrothermal condition than the 2D one.
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Abstract. Despite progress in moisture control analysis, repairing moisture damage is still a
considerable cost factor in the building sector. While there are many reasons for the lack of
improvement during the last decades, inadequate moisture control standards are certainly also to
blame. In many countries, interstitial condensation calculations according to Glaser are the sole means
for assessing moisture control design, neglecting other important moisture loads such as driving rain,
construction moisture and air infiltration. To overcome this lopsided focus on vapour diffusion, the
update of the German moisture control standard has restricted the applicability of the Glaser method
and introduced a normative Annex on performance evaluation by hygrothermal simulation. Recently, a
new project has started to develop advanced models helping to evaluate the simulation results.
Currently, it is already possible to assess the risk of mould growth, rot, and critical moisture
accumulation by methods referred to in this standards. Also addressed in the standard is the selection
of critical indoor and outdoor boundary conditions. Thus, it is officially encouraged to perform
hygrothermal simulation, giving architects and engineers the chance to design more moisture tolerant
and ultimately more durable constructions. Considering the necessity to reduce the carbon footprint of
buildings, the application of hygrothermal simulation provides the opportunity to use more innovative
renewable and recycled materials that could not adequately be judged by the Glaser method. Another
benefit presents the analysis of construction resilience in case of natural disaster such as flooding or
extreme rain events.
Keywords: Moisture Control Standard, Hygrothermal Simulation, Moisture Tolerance, Building
Resilience, Damage Prevention.

1 Introduction
Moisture in the building structure impairs thermal performance and accelerates ageing and
degradation. Therefore, moisture control has always been an issue for architects and engineers.
Despite an improvement in construction quality, moisture problems have not diminished
accordingly. This may partly be due to increasing energy savings requirements. More insulation
and better air-tightness have resulted in lower temperatures at the exterior layers of the building
envelope and higher indoor humidity. This increases the risk of interstitial condensation and
reduces the drying potential. The high number of moisture related building failure also
demonstrates that traditional condensation control and the steady-state tools to evaluate vapour
diffusion are not sufficient to account for all relevant moisture loads. Additionally, natural
disaster with torrential rain and flooding will become more frequent which means more risk for
moisture susceptible but environmental friendly renewable materials. However, adequate
moisture control design can help to prevent problems even in the most energy efficient
structures. The necessary design tools are there, but they have to be applied the right way. While
it is fair to assume that a building has been erected according to best practice, a perfect seal
against water, vapour or air entry is difficult to achieve. Therefore, the consideration of
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imperfections should be part of moisture control assessments.
Hygrothermal simulation offers an opportunity to meet the current challenges if the
underlying models allow for the fact that no building component is perfectly sealed and
envelope leaks and other flaws are always built-in or may eventually occur during the building’s
service life. New approaches have been developed to account for rainwater penetration and
indoor air infiltration. This paper summarizes these approaches and shows examples of
standards and guidelines that have started to integrate them into the moisture control assessment
process.

2 Moisture Control Design Standards and Guidelines
In the past, moisture control meant for most practitioners steady state vapour diffusion
calculations – often called dew-point or “Glaser” calculations – that were performed to
determine whether there is a risk of harmful interstitial condensation in the building assembly
during the heating season. However, due to numerous simplifications the results of these
calculations may be misleading especially when short-term loads such as solar vapour drive or
rainwater absorption may have an impact. A steady-state calculation also means that all storage
effects are neglected. This penalizes materials with moisture storage capacity, such as
renewable insulation materials, because it assumes the formation of condensation where in real
life only the sorption moisture content is slightly increased. There are actually many more drawbacks of employing dew-point calculations for moisture control design which lead to the
following statement in the ASHRAE Handbook of Fundamentals (2017): “The dew-point
method is not recommended as a sole basis for hygrothermal design of building envelope
assemblies. ASHRAE Standard 160 is recommended to assist in hygrothermal analysis for
design purposes.” ASHRAE Standard 160 (2016) specifies the application of hygrothermal
simulation tools.
To arrive at comparable results pertinent application standards for hygrothermal simulations
have been developed which are under continuous revision in order to accommodate new
approaches and feed-back from users. The first guideline on moisture control analysis by
hygrothermal simulation was issued in 2002 by the WTA, an association dealing with
preservation and renovation of heritage constructions and rehabilitation of the building stock
(WTA 6-2 2002). Five years later the European Standard EN 15026 (2007) which is largely
based on the WTA guideline was published. However, both documents did not contain any
information on how to deal with small defects in the building envelope. Parallel to the standard
work in Europe a slightly more comprehensive standard on moisture control design has been
developed in North-America (ANSI/ASHRAE Standard 160 from 2009). As a result of
numerous damage cases linked to rainwater penetration into constructions with rendered
facades (Cheple and Huelman 2000), this standard has been the first that proposed the
consideration of the effects of small leaks in the exterior finish of exposed walls.
2.1 Updated Version of the Hygrothermal Simulation Guideline WTA 6-2
Since the original version of the WTA 6-2 guideline served as blueprint for the European
Standard 15026 (2007) and the updated version from 2014 has been referenced by the German
Standard on moisture control design DIN 4108-3 (2018), the new items in this guideline will
be described here briefly. Compared to the version from 2002 the WTA 6-2 (2014) allows the
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consideration of imperfections in the building envelope by simplified models. It also shows a
way of dealing with ventilated cavities in a one-dimensional way and contains some new
information concerning boundary conditions. The new version recognizes the problem of
determining the material properties as accurately as possible for the intended use by a chart that
recommends the test method as function of moisture range. This issue has come up in the
context of capillary active insulation materials. These materials are rather vapour permeable,
however, they are supposed to prevent condensation at the cold side by compensating the
diffusion flux with an opposed liquid flux. This means, liquid transport in capillary active
insulation materials has to achieve a considerable magnitude well below 100% RH. Most of the
currently employed methods have been designed to determine liquid transport properties in the
high moisture range, i.e. when the majority of capillaries are filled with water. However, these
methods turned out to be inappropriate for the accurate determination of liquid transport in the
hygroscopic range. Therefore, a new method has been developed by Binder et al. (2013) that
determines the properties of interior insulation materials under the boundary conditions close
to the real situation in practice application.
From a moisture safety point of view, however, the most important improvement is the
introduction of simplified models to account for unavoidable rainwater and indoor air leakage
into the building assembly. These models have been designed for one-dimensional simulations
with the aim to quantify the moisture impacts of imperfections in the building envelope without
dealing with the complex 3D phenomena that are assumed to happen in reality. Thus, these
models are of limited validity and may work well for some construction types but may not be
transferable to others. This may seem unfortunate; however, not employing the models
described below, may be even more risky. Numerous failures have proven that perfectly
installed building assemblies without any leaks belongs to the realm of fiction. Nevertheless, it
is absolutely feasible to reduce the potential leaks to a level that will not do any harm to a
moisture tolerant construction. The application of the following model assumptions will help
to design such moisture tolerant building assemblies.
2.1.1

Rainwater penetration through imperfection in the exterior finish

As already mentioned the American moisture control standard ANSI/ASHRAE 160 (2016)
proposes the consideration of small rainwater leaks through the exterior finish which may result
from gaps or cracks at joints and connections. It states: “In the absence of specific fullscale
test methods and data for the as-built exterior wall system being considered, the default value
for water penetration through the exterior surface shall be 1% of the water reaching that
exterior surface. The deposit site for the water shall be the exterior surface of the water-resistive
barrier. If a water-resistive barrier is not provided, then the deposit site shall be described and
a technical rationale for its selection shall be provided.” In the case of ETICS (external wall
insulation systems) on load bearing masonry walls the rainwater deposit site is likely to be the
surface of the masonry beneath the insulation (see Figure 1).
It is obvious that neither the leaks nor the wind driven rain exposure are evenly distributed
over the building envelope. But the standard committee chose this simple one-dimensional
approach as a method to consider the effects of complex bulk water penetration phenomena
observed in practice. The rainwater leakage rate proposed in the standard is not meant to be a
worst case scenario. It is not based on field test results but on hygrothermal simulations
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(Desjarlais et al. 2001) that showed that more than 1% of rainwater penetration may be
detrimental for a large portion of existing wooden wall structures. A recent literature review
(Van Den Bossche et al. 2011), analysing data of leakage rates measured on different wall
structures, confirmed the appropriateness of the “1% leakage” in ANSI/ASHRAE Standard
160. Therefore the rationale of this standard was also adopted for the new WTA 6-2 (2014)
guideline.

Figure 1. Exposed wall example showing the most likely deposit location for rainwater penetrating through
leaks at joints and connections of masonry with external insulation system.

2.1.2

Moisture sources due to air flow through the building envelope

The convective moisture entry due to defects in the vapour respectively air control layer is a
multidimensional effect, which cannot be captured directly by one-dimensional calculation.
However, also the application of multidimensional simulation tools hardly solves the problem,
because the exact configuration of leakages is generally unknown and the complexity of
relevant flow paths is exceeding the capacity of most models. Therefore it has been decided to
choose an approach that doesn’t simulate the flow itself, but concentrates on the effects of
vapour convection and subsequent condensation by introducing a moisture source inside the
construction.
Based on experimental results from TenWolde et al. (1989), a simplified model to quantify
the moisture sources due to vapour flow through the building envelope has been developed and
checked for plausibility (e.g. Künzel et al. 2011). The model assumes that vapour contained in
the indoor air, penetrating the envelope via so-called moisture leaks, condenses at the cold side
of the insulation (see Figure 2). In contrast to energy leaks where the air remains warm because
it flows in a short way from the room towards the outside, moisture leaks are small and tortuous
channels where the air flow is slow and cools down within the flow path. These “moisture
leaks” probably represent less than 10% of all leaks in the building envelope. The position of
the condensation plane has to be selected by the user. Its temperature, governed by the transient
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boundary conditions, is simulated without taking the latent heat of condensation into account.
The right choice of this position depends on the construction. It must be cold enough for
condensation to occur and it must be easily accessible for the indoor air that has penetrated the
interior lining or air barrier. Examples are the exterior sheathing of wood frame walls or roofs
and the interface between the interior insulation and the original wall after thermal retrofits of
plastered masonry structures. The convective moisture source is equal to the amount of
condensate that forms when the indoor air temperature is cooled down to the temperature of the
selected condensation plane in the building assembly. Any increase in sorption water content
that could occur in reality by the temperature drop is neglected. In order to remain on the safe
side convective drying is excluded, i.e. the moisture accumulated by air convection can only
dry out by vapour diffusion or liquid transport.

Figure 2. Indoor air leaking through a roof at joints and connections. If the flow path is short, it will be heated
up by the air flow and only energy is lost. If the air flow creeps along the cold side of the structure before it finds
its way out, its temperature may drop below the dew-point of the indoor air and cause condensation.

Thus the amount of condensation (moisture source SCL), which results from vapour
convection at the selected condensation plane p, is determined for each time step according to
the following equation:
S = k × (c - c
)× (P - P )
CL

where

SCL
kCL
ci
csat,p
Pi – Pe

CL

i

sat , p

i

e

(1)

moisture source due to vapour convection through the component (kg/(m²h))
air permeance of the “moisture leaks” of the component (m³/(m²·h·Pa))
water vapour concentration of the indoor air (kg/m³)
water vapour saturation concentration at predefined plane p (kg/m³)
air pressure difference over the considered envelope component (Pa)

The air pressure difference is assumed to be due to buoyancy effects and pressure
differentials generated by ventilation systems. Wind pressure effects are disregarded because
they are difficult to determine and do not act on the building envelope in a continuous manner.
Based on investigations in Künzel et al. (2011) the air permeance of the moisture leaks is set to
1,9·10-6 m³/(m²s·Pa) [0,007 m³/(m²h·Pa)] for envelope components installed according to best
practice. Buildings with higher kCL would represent malpractice. Building components that can
handle the moisture loads due to air convection are well-designed. Those that fail under these
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circumstances should either be redesigned or special care must be taken during installation
which may include continuous moisture monitoring.
2.2 New German Moisture Control Standard DIN 4108-3
The current German moisture control standard for building envelope components DIN 4108-3
(2018) includes three assessment options. As first option, a designer may select a wall or roof
assembly from a list of deemed to satisfy (DTS) constructions included in the standard. The
second option, which may be applied, if the assembly to be designed, is not part of the DTS list
represents the assessment by a steady-state dew-point calculation with fixed boundary
conditions. However, there are a number of restrictions that have to be observed, e.g. green
roofs, unvented metal roofs, capillary active interior insulation systems or basement assemblies
must not be assessed.
Most importantly, options one and two may only be applied for envelope components of
residential buildings or those that have a similar indoor climate (e.g. offices) without airconditioning. In all other cases option three applies, i.e. the designer has to perform a
hygrothermal simulation according to appendix D of the standard. This appendix references EN
15026 and WTA 6-2 mentioned above as well as some other standards and guidelines dealing
with the evaluation of hygrothermal simulation results, e.g. mould risk evaluation. A detailed
flow chart showing the preconditions for selecting one of the options is depicted in figure 3.

Figure 3. Flow chart explaining the preconditions for the moisture control assessment options in DIN 4108-3.

3 Conclusions and Outlook
Hygrothermal simulation models have become essential to advance our skills in sustainable and
resilient building design. Practical experience has proven repeatedly that imperfections and
small leakages in the building envelope are unavoidable and have to be accounted for. The same
is true for material ageing and unexpected loads due to extreme weather conditions which will
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probably occur more frequently in the wake of climate change. The development of
hygrothermal design models has to respond to these factors by searching for new approaches
that are able to represent real life impacts and effects. This won’t be possible without increased
research efforts looking at the effects of leaks and other imperfections with the aim to quantify
them for different construction types. Most importantly however, there has to be widespread
discussions on what kind of flaws are acceptable in order to define what best practice
workmanship actually means. Ultimately, the definition of unavoidable moisture sources will
result in a clear discrimination between design and installation failures.
This task is far from being easy and may be very controversial because there is a lot of money
involved in litigation cases. However, it also represents a great opportunity to arrive at better
and more durable constructions and it is preferable, as well as much more sustainable to spend
money on improving design instead of wasting money and resources on repair and excessive
maintenance. International moisture control standards are slowly moving in the right direction
by emphasizing the importance of hygrothermal simulation for realistic building component
assessments. However, the next important step represents the integration of moisture control
considerations already at the beginning of the design process. Until now, this is mostly done in
the end when all components and HVAC systems are already specified leaving only minor
options for modifications – e.g. selecting the permeance of vapour control or insulation layers.
In the future, the building dynamics (hygrothermal storage capacities of envelope
components including HVAC systems) will become quintessential because of the more
fluctuating renewable energy supply. This requires new building operation concepts and more
integral design of the interdependent building envelope and HVAC systems. Combinations of
both, such as thermally activated components or radiant interior surface heating and cooling
systems may be part of the response to the new challenges (see figure 4). Moisture control
design of such systems is way beyond simple dew-point calculations and may even require new
approaches for hygrothermal simulation models.

Figure 4. Appropriate design of building envelope and HVAC depends heavily on outdoor and indoor
climate. Their performance is interdependent and increasingly both functions are combined in one system.
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Abstract. Understanding how climate change accelerates or slows down the process of material
deterioration is the first step towards assessing adaptive approaches for the preservation of historical
heritage. Analysis of the climate change effects on the degradation risk assessment parameters like
freeze-thaw cycles and salt crystallization is also a key parameter when considering mitigating
actions. Due to the vulnerability of cultural heritage in Iran to climate change, the impact of this
phenomenon on basic parameters like temperature was analyzed. Choosing an appropriate regional
climate model is the first and most crucial step in the analysis of climate change effects on heritage.
The outputs of two different regional climate models: the ALARO-0-SURFEX model (Ghent
University, Belgium) and the REMO model (HZG-GERICS, Germany) were analyzed to find out which
model is more adapted to the region. So the focus of this research is mainly on the evaluation process
to find a feasible approach for validation study to determine the reliability of each model. For model
validation, a comparison between model data and observations was performed for 30 years from
1980-2017. Besides, some climatic parameters which are likely critical for heritage like freeze-thaw
cycles were studied to find out how reliable these models are in the field of building pathology.
Keywords: Iran, Climate Change, Degradation Criteria, Heritage.

1 Introduction
The Iranian plateau hosts one of the world's oldest civilizations. The country's rich cultural
heritage is reflected in part by its 22 UNESCO world heritage sites. The Iranian Plateau is one
of the world's most mountainous countries, with a landscape dominated by rugged mountain
ranges.
Having 11 climates (Figure 1) out of the world's 13, Iran's climate is diverse, ranging from
arid and semi-arid, to subtropical along the Caspian coast and the northern forests.

Figure 1.Climate map of Iran (Köppen-Geiger).
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Figure 2.Change map during 1986-2100.

The Fifth Assessment Report of the Intergovernmental Panel on Climate Change suggests
significant changes in climate conditions during the twenty-first century, such as drier and
hotter summers over the middle East. Moreover, studies with different scenarios show that
climate changes in Mediterranean Bassin are anticipated to exceed global mean values
significantly (Giorgi 2006), and Iran is located in this region (Figure 2). Climate models are
typically based on a top-down approach as a function of spatial and temporal resolution
(Termonia, Schaeybroeck, De Cruz and De Troch et al. 2018). Therefore High-resolution
regional climate models are needed to provide accurate climate change scenarios accounting
for this region.
Today there are only low-resolution data available over this domain. Thus in this paper, highresolution (e.g. 25 km) regional climate projections over Central Asia, including Iran, have
been analyzed. For more accuracy, two different climate models have been evaluated to find a
feasible approach for validating climate models as a non-meteorologist researcher. ALARO-0
model (Ghent University, Belgium) and REMO (HZG-GERICS, Germany). Both models
provide climate projections for the "21st" century following different RCP scenarios. These
models need to be evaluated first. The RCM data in this analysis originates from the ALARO0 and REMO models at a spatial resolution of 25 km across the central Asia domain and timefrequency of 1-hour. The analyzed type of model run for both models is the evaluation run. This
means that the lateral boundary conditions of the model, i.e. the Asian boundaries, are forced
by reanalysis data. The evaluation run enables the possibility to evaluate whether the model is
able to reproduce the weather conditions within the imposed boundaries conditions at given
grid points.
To analyze the evaluation run of the models over the domain, four grid points located in
different climate zones, were studied. A comparison is made with historical observations at the
same locations using MATLAB. The discussed parameters are outdoor air temperature and
relative humidity and precipitation. For each parameter, scatterplots of the observations and
modelled data are produced, as well as distribution functions both based on hourly, daily, and
monthly values. Through the validation study, some climatic parameters which are likely
critical for heritage like freeze-thaw cycles and salt crystallization index were evaluated for
both models in comparison with the historical data to find out how reliable these models are in
the field of building pathology.
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In the case of temperature, relative humidity, and wind velocity, daily values represent daily
averages, whereas, for precipitation, total daily values are considered. Furthermore, the root
means square error (RMSE), correlations, adjusted R-squared, and regression are computed to
find out the reliability of the models. The studied grid points are listed below:
Mashhad, which is located in the northeastern corner of Iran, features a steppe climate
(Köppen/BSk) with hot summers and cold winters.
Shiraz is located in the south of Iran. Shiraz's climate is overall classified as a hot semi-arid
climate (Köppen climate classification BSh).
Tabriz is located in the northwest of Iran has a humid continental climate with regular
seasons (Köppen Dsa) bordering Cold semi-arid climate (Köppen BSk).
Rasht is located on Iran's Caspian Sea coast, depending on the precipitation, Rasht either
has a humid subtropical climate (Cfa) or a Mediterranean climate (Csa).

2 Methodology
2.1 Model Analysis
Given that Iran has an extended range of climate regions, and models are not often used for
such a climatic zone, these models need to be evaluated first. The RCM data in this analysis
originates from the ALARO-0 and REMO models at a spatial resolution of 25 km across the
central Asia domain and time-frequency of 1-hour. The analyzed type of model run for both
models is the evaluation run. This means that the lateral boundary conditions of the model, i.e.,
the Asian boundaries, are forced by reanalysis data. The evaluation run enables the possibility
to evaluate whether the model can reproduce the weather conditions within the imposed
boundaries conditions at given grid points.
To analyze the evaluation run of the models over the domain, Mashhad which is located in
the northeastern corner of Iran and features a steppe climate (Köppen/BSk) with hot summers
and cold winters were picked.
A comparison is made with historical observations at this location employing MATLAB.
Since there is no full overlap between datasets, only the period 1980-2017 is analyzed. Tofind
out which approach should be followed, temperature parameter was picked, and scatterplotsof
the observations and modelled data are produced, as well as distribution functions both based
on hourly, daily, and monthly values plus comparison plots based on daily, monthly and yearly
values. Through the validation study, some climatic parameters which are likely critical for
heritage like freeze-thaw cycles were evaluated for both models in comparison with the
historical data to find out how reliable these models are in the field of building pathology.
In the case of temperature, daily values represent daily averages. Furthermore, the
evaluation metrics comprise of correlations, adjusted R-squared, and regression are computed
to find out the reliability of the models. In this paper, climate models have been evaluated.
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2.1.1 Temperature Analysis
The scatterplot of both models during the studied period (Figure 3 and 4) indicates that there is
a good overall representation of the observed hourly outdoor air temperature (T) by both
models. The linear fit (red) of the hourly temperature almost follows the diagonal (perfect fit).
The hourly temperature distribution of both datasets, i.e., the observations and the modeled
data, confirms this statement. However, there is a slight bias towards colder temperatures by
the ALARO-0 modelled data, and almost the same bias towards warmer temperatures by the
REMO modelled data (Figure 5 and 6). In mid-range temperatures, models have different
behaviours where ALARO-0 has an underestimation of mid-range temperatures, and REMO
has an overestimation.

Figure 3. Hourly temperature scatterplot ALARO-0 model. Figure 4. scatterplot -Remo model(1980-2017).

In extreme maximum temperatures, both models follow a similar pattern. A small
overestimation of extreme maximum temperatures where REMO has a bigger overestimation.
In extreme minimum temperatures, REMO has a slight underestimation, and ALARO-0 has a
slight overestimation. Please note that missing values in the observations are removed before
calculating the distribution and statistics of the temperature dataset.
The observed Tmean over the whole dataset is 15.03° C. For the ALARO-0, the Tmean is
15.1°C, and for REMO is 15.6°C. There is a 0.6°C bias in Tmean across the entire 36 years
dataset for REMO. Tmin and Tmax for the observations and modelled data are respectively 21.2°C and 43.2°C, and -14.5°C and 44.5°C (ALARO-0) and -28.8°C and 48.5°C(REMO).
These values are not in line with the conclusions based on the distribution, i.e., the
underestimation of extreme minimum temperatures by REMO modelled data towards colder
temperatures. However, as these values are outliers, they are not expected to represent the
temperature distribution.

Figure 5.Hourly temperature Histogram ALARO-0.
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Figure 6.Hourly temperature Histogram REMO.
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By analysis of the monthly statistics (Figure 7), it can be observed that the monthly Tmean ,
except the observation of summer months (higher temperatures), is lower than the REMO
Tmean in all months. On the other hand, except winter months, the monthly Tmean of the
observations is lower than the Tmean of the ALARO-0 model. Moreover, the absolute Tmax of
the observations, every month except for August is lower than Tmax of the REMO. Whereas
the observations and ALARO-0 model in this value are very consistent almost every month,
the observed absolute Tmin is lower than the ALARO-0 modeled temperature when the Tmin is

below 0o C.

Figure 7. Comparison between monthly min and max temperature of observation and model data.

Figure 8 illustrates the average daily temperature across the entire period based on hourly
data and the difference in temperature between the observed and modeled dataset. Note that the
ALARO-0 modelled average day is significantly consistent with the observation. The bias range

Figure 8. Plot based on hourly temperature.

Figure 9. Difference between the datasets temperature.

is between -0.3 and +0.5 °C(Figure 9), respectively, at 6 am, and 9 am, whereas, in the REMO
model, more bias is observed mainly during the first hours of the day before 10 am. Biased for
every hour, ranging between -0.7 and +2.7 °C, respectively, at 6 pm and 9 am. The most
substantial temperature difference is observed in the morning for both models. This could be
related to the location of the station, which is located in a semi-arid area, and an essential
specification of this climate area is a vast difference between temperature in day and night, and
perhaps the REMO model does not capture this effect accurately.
The distributions of daily Tmean is provided per season (Figure10). Interestingly, both
models show the same results. The most significant difference in distribution between the
observations and both models is found in summer, whereas smaller differences characterize
spring.
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Figure 10. Seasonal temperature comparison between the distribution of the ALARO-0&REMO models.

Besides statistics on hourly and daily Tmean, some unusual indices are useful in the field of
building physics, such as indices on frost. The first discussed index is the number of freezethaw cycles (FTC) as described by Grossi et al. (2007), referred to as criterion 1.
Based on daily Tmean, one cycle is counted each time the temperature drops below 0°C, given
that the previous day was a non-freezing day. Following, the difference in the annual number
of FTC between the observations and the modeled data is computed. It can be noted that unlike
the observations, both models follow an increasing trend (Figure 11).
The hours of frost index, illustrated in Figure 12, indicate the annual duration of freezing
temperatures. The REMO model has predicted considerably fewer frost hours in comparison
with the ALARO-0 model and observations. Please note that unlike the observation, both
models follow an increasing trend.

Figure 11. Number of FTC in models and observation.

Figure 12. The number of frost hours per year.

Figure 13. The number of wet-frost cycles. Mashhad. Figure 14. Annual average temperature, Mashhad.
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Previous indices are only based on temperature. However, frost damage in building
envelopes is highly related to the moisture content in the porous media. The wet frost index
considers the annual number of rainy days, i.e., the total daily precipitation exceeding 2 mm
and temperatures higher than 0°C, immediately followed by days having a Tmean below -1°C
(Brimblecombe et al. 2006).
The wet frost index is generally higher for the ALARO-0 model compared to the REMO
model and more consistent with the observation (Figure 13).
During the analysis of timetables, based on the yearly Tmean (Figure 14) regarding the
trendlines, it can be observed that the slope of both models similar to observation is
incremental, but the real temperature rises at a higher rate. The studied city is the second
biggest city in Iran, a dense metropolitan area. Given the existence of the well-known urban
heat island phenomenon(UHI), this strong urbanization might Contribute to additional
warming at this location, and models cannot catch it.
The evaluation metrics, which are essential in the model validation analysis, are computed
(Table.1) and explained in the final part. The adjusted R-squared is a modified version of Rsquared that has been adjusted for the number of predictors in the model. An adjusted Rsquared of 1 means that the model ultimately predicts the studied parameter. Based on the above
descriptions, the correlation, RMSE, and Adjusted R-Squared coefficient of both models
indicate high accuracy, but the ALARO-0 model seems more reliable.
Table 1. Validation metrics computed for the temperature parameter.
Mashhad
Interval/Metrics
3hourly
Temperature
Daily mean
Temperature
Monthlymean
Temperature

Correlation
0.9588

Adjusted RSquared
0.919

0.9676
0.9882

Regression

Correlation

0.9554

0.9386

Adjusted RSquared
0.881

Regression

0.936

0.9558

0.9596

0.921

0.9848

0.977

0.9600

0.9886

0.977

0.9961

0.9674

3 Conclusions
Regarding previous analysis and construing the figures and table of statistics, there can be
concluded that the best approach for model validation is using the evaluation run of the model
and comparing the model dataset with the historical observations in different parametersbased
on hourly, daily and yearly time interval. Another critical issue that should be analyzed in each
model validation study is considering relevant indexes to the research, i.e., freeze-thaw cycles,
which are detrimental in building pathology in the current paper, should be analyzed. This
method for our case study proved that both models based on temperature parameter are
surprisingly accurate. Based on graphs construing and computed coefficients like correlation
and adjusted R-squared, ALARO-0 model is a little more realistic and is suitable to use it as a
reliable regional climate model over the target area.
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Abstract. Rainwater entry and penetration through a waterproofing layer, such as external finishing
and sheathing membrane, should be avoided to prevent moisture damage to a wooden wall assembly.
However, housing warranty insurance organizations in Japan have reported that deterioration in some
wall assemblies was caused by rain penetration, and severely damaged walls were detected in airtight
and insulated building envelopes. This paper presents various factors of water entry and penetration of
the waterproofing layers in wooden wall assemblies in terms of practical situations, as a part of a
research project to reveal the risk of water and moisture accumulation in collaboration with government
and industries in Japan. Several experimental works using mock-up specimens replicating a part of the
wall assembly were carried out. As for external finishing, the water intrusion was observed not only at
the joints but also at the bottom of vented cavities. Although these minor defects must be prevented by
proper design and site work, it is difficult to avoid them completely through the construction process
and period of use. Indeed, the extent of water entry was affected by various factors such as wall
configuration, exposure conditions and so on. Experimental results suggested that various factors,
including detail of interface and quality of materials, should be considered to assess service life
prediction by hygrothermal analysis.
Keywords: Rainwater, Wall Assembly, Waterproofing Layer, Field Survey, Penetration Rate.

1 Introduction
Global warming has a significant impact on exposure conditions related to the long-term
durability of building envelopes. In humid climate regions, such as coastal areas in East Asia,
the frequency of heavy rain tends to increase in recent years. Based on the trends in
meteorological data issued by Japan Meteorological Agency, the annual number of days with
heavy rain of more than 200 mm per day increased by 1.5 times in the past decade in comparison
with the rate of increase 40 years ago (Japan Meteorological Agency, 2019).
Although the energy-efficient house has recently been required to reduce CO2 emissions even
in humid climate regions, a building envelope with higher insulation performance is potentially
a concern for a decrease in drying performance (CMHC, 1996; Finch, 2007). An increase in
heavy precipitation events might give excessive moisture load to wall and roof assemblies. The
housing warranty insurance organizations (HWIO) in Japan reported that more than 90% in
550,000 cases of insurable contingencies was water leakage and its total number has gradually
increased (HWIO, 2017). This investigation for the insurable contingency indicated that 80%
of water leakage occurred in the wall and wall-roof interface (Figure 1a), and that 44% of it
was detected in houses with a shedroof (Figure 1b). Additionally, the percentage of shedroofs
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with short eaves and verges is higher than other types of roof in the insurable contingencies.
This finding suggests that short eaves and verges are among the factors causing rain penetration
through the waterproofing layer, and this phenomenon should be clarified and also quantified
to assess the service life of building envelopes.
With these points in mind, this paper describes an experimental study regarding water
penetration through primary and secondary waterproofing layers in wooden wall assemblies in
consideration of practical situations. Water spray tests for several types of siding panels and
wall-roof interfaces were implemented, and their details were selected from the insurable
contingencies in HWIO. Water penetration through the fastener interface of the secondary
waterproofing layer was also examined. Based on these results, the importance of the
clarification of the water penetration rate as a boundary condition for hygrothermal analysis
was discussed.
(a)
Roof
20%

Wall
47%

(b)

Others
12%

Hipped roof
6%

Shed roof
44%

Hipped eaves

Flat roof
12%

40.7

Gable verge

21.8

Gable eaves

22.2

Short eaves < 250mm
Shart verge < 150mm

Shed verge
Shed eaves
Connection of wall
with roof
33%

Gable roof
26%

Figure 1. Percentage of water leakage location (a)
and type of roof (b).

71.7
57.1

0
20
40
60
80
Percentage of roof with short eaves and verge (%)

Figure 2. Percentage of roof with short eaves and verge.

2 Water Penetration Through Siding Joints
2.1 Outline of Water Spray Test
To compare watertightness of exterior systems using ceramic sidings, water spray tests (JIS A
1517: Watertightness test under dynamic pressure) with static and dynamic loading were
implemented. The ceramic sidings of six products (Sp1 ~Sp6) were selected to understand the
performance of representative products in the siding industry of Japan. All sidings employed a
two-way shiplap joint between the top and the bottom, and a metal panel clip to fasten it to the
substrate of the wall. The thickness and width of the panel were between 15 and 18 mm and
300 and 450 mm, respectively. The heights of the shiplap were between 11 and 15 mm.
Since the outside dimensions of the opening of an airtight box with water spray nozzles were
1.98 m by 1.98 m, two types of siding panel measuring 0.91 m by 1.98 m were fixed to a wood
frame, side by side, as specimens (Figure 3). The sprayed water was uniformly applied at a rate
of 4 L/[m2min] across the exterior of the specimens in Case 1 and Case 2, as shown in Figure
4. A rate of 0.3 L/[m2min] of the sprayed water was applied in Case 3. Static pressure
differences through the siding panel were increased stepwise by 150 Pa, 240 Pa, 350 Pa, and
470 Pa with static loading. In addition, dynamic loading tests were implemented in Case 2 and
Case 3. Water penetrating the inner plane through the shiplap joints was collected at the bottom
of the specimen, and weighed to quantify the overall penetration rate.
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600
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0

-200
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Figure 3. Specimens fixed to airtight box.

Figure 4. Pressurize process in water spray tests.

2.2 Water Penetration Rate from Siding Joints
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Figure 6. Water penetration ratio in Case 1.
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Figure 5. Quantity of penetrating water in Case 1.
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The quantity of penetrating water and the water penetration ratio in Case 1 are shown in Figure
5 and Figure 6, respectively. The water penetration ratio means the ratio of the penetrating water
and sprayed water. The quantity of the penetrating water in Sp1 and Sp2 exceeded 0.3 L/min
m2 in the range beyond 240 Pa. This value is approximately equivalent to 8% of the water
penetration ratio in Figure 6. These values of the other specimens were less than 0.1 L/min m2
and 3%. Figure 7 shows the water penetration ratio in dynamic presure conditions (Case 2, Case
3). Although the values in Case 2 are less than in Case1, in the event of an equivalent average
pressure difference, those in Case 3 are larger than in Case 1. It is speculated that accumulated
water in the shiplap joint played a role in stopping the water when the sprayed water was 4
L/min m2.

Case3: 0.3L/minm2

25
20.2

20
15

15.0

10

6.5

5
0
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0.40.8

2.5
0.8
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Figure 7. Water penetration ratio in dynamic test (left: Case2, Right: Case3).
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According to past research (Sahal and Lacasse, 2005) regarding rainwater penetration
through basic components of wall assembly, the quantity of water penetration through electrical
outlets and vent ducts was approximately less than 0.25 L/min at 300 Pa of static pressure
difference. However, water penetration from these shiplap joints in Sp1 and Sp2 reached 0.4
L/min m2, meaning that 12 L/min of rainwater enters into the vented cavity when the wall area
is 30 m2. This result indicates that dispersion of the water entry in siding products cannot be
neglected in determining the proper configuration of vented cavity in terms of drainage and
drying performance.

3 Water Entry at the Top and Bottom of an Exterior with Short Eaves
3.1 Outline of Wind and Rain Blowing Test
In this section, a wind and rain blowing test was implemented to verify the risk of water leakage
at the roof-wall interface and the bottom of the vented cavity, as shown in Figure 8. Four types
of mock-up specimens incorporating the roof-wall interface were assembled in consideration
of actual detail of the insurable contingencies. The width of the specimen was 1820 mm, and
the length of the eaves from the center of the beam was 95 mm. A vented cavity connected the
attic of the specimen with the top of the wall. Sheathing board such as plywood was not installed
in the inner layer of the housewrap, in order to confirm water penetration through an overlap of
the housewrap due to water splashing from the bottom of the vented cavity. Airtightness inside
the wall was secured by a polyethylene sheet. Type 1, Type 2, and Type 3 shown in Figure 9
differ in details around the eaves. The top edge of the siding in Type 1 butted against the
plywood, and additional fascia board or secondary flashing under the roof sheathing was
attached in Type 2 or Type 3. The target of the test in Type 4 is the water leakage at the verge,
and a bargeboard was attached to the butting of the siding. The specimens were mounted in
front of a blowing device, and the roof-wall interface with eaves or verge was directed to the
center of the air outlet of the blower. The levels of wind velocity were 5, 10, 15, 20 m/s, which
correspond to wind pressure of 15, 60, 135, 240 Pa. The spray rate of water was 32 L/min, and
duration time of the test was 15 min.
Type1

Slate

Type2

Asphalt roofing
Flashing
Plywood
Siding

Rafter
Beam
Fascia board

Housewrap
Vented cavity

Vapor barrier

Type4 (Verge)

Type3

Flashing
Secondary
Flashing

Figure 8. Mock-up specimen for blowing test.

Rafter

Bargeboard

Figure 9. Detail around the eaves and verge.

3.2 Wind Velocity for Onset of Water Leakage and Wetting
Water leakage through the exterior layer in the wind - rain blowing test was confirmed by visual
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observation from inside the specimen. Table 1 shows wind velocity for the onset of water
leakage. Water splashing into the bottom of the cavity was observed on all specimens with a
wind velocity of 5 m/s and above. Continuous splashing through the roof-wall interface was
observed in Type 1. Type 1 carries the risk that rainwater penetrates into the thermal insulation
layer. Although Type 2 presented better waterproof performance than Type 1 due to the addition
of a fascia board at the roof-wall interface, water penetration into the rear face of the housewrap
was observed from 15 m/s. Secondary flashing at the top of the siding in Type 3 prevented the
water penetration even in 20 m/s. The result on the verge of the roof in Type 4 was
approximately equivalent to Type 2.
Table 2 shows the relation between wetting location and wind velocity. Wetting at the ground
sill was observed from 5 m/s in Type 1 and Type 2, because of a lack of tape at the bottom of
the housewrap. Splashing water reached the overlap of the housewrap at 15 m/s, where the
height was 1 m above the bottom of the vented cavity. Although such excess wind pressure at
the bottom of the wall generally does not occur in urban areas, a vented cavity above a lean-to
roof has the potential to cause pressurization.
These results indicate that imperfect detail for waterproofing at the roof-wall interface causes
water penetration not only into the vented cavity but also into the rear of a secondary
waterproofing layer, such as the housewrap. In addition, strong winds exceeding 20 m/s
increase the water penetration that accelerates water absorption at the surface of sheathing board
in wall assemblies. It is necessary for roofs with short eaves to assess safe detail against winddriven rain.
Table 1. Wind velocity for onset of water leakage.

Observation of water leakage
Leakage from top of cavity
Splashing from bottom of cavity
Penetration into the rear of the housewrap from the top
Splashing into the rear of the housewrap from the bottom

*From the overlap above 1 m of floor

Type1
5 m/s
5 m/s
5 m/s
5 m/s

Eaves
Type2
5 m/s
5 m/s
15 m/s
5 m/s

Type3
none
5 m/s
none
15 m/s*

Verge
Type4
5 m/s
5 m/s
15 m/s
15 m/s*

Table 2. Relation between wetting location and wind velocity.
Wetting location
Ground sill*
Sheathing roof board
Rafter
Pole plate
Purlin

* due to splashing water from the bottom of cavity

Type1
5 m/s
5 m/s
5 m/s
5 m/s
-

Eaves
Type2
5 m/s
5 m/s
5 m/s
15 m/s
-

Type3
none
none
none
none
-

Verge
Type4
none
5 m/s
5 m/s
10 m/s

4 Water Penetration through Secondary Waterproofing Material
4.1 Water Penetration through a Pinhole in a Water-Resistant Barrier
Nails and staples are generally applied to secure secondary waterproofing material, such as
permeable polymer houswrap and asphalt-impregnated felt. However, the fastener interface
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carries a risk of water penetration, and past research (Saito, 2015) has tried to quantify water
penetration rate through pinholes in roof underlayments after exposure to cyclic temperature
variation. To clarify the dispersion of the risk, water penetration tests for representative
products were conducted, and reported in this section.
4.2 Outline of Water Penetration Test for Fastener Interface
4.2.1 Case 1 (Without Outdoor Exposure)
The test protocol for the water penetration test was in accordance with Japanese Architectural
Standard Specification JASS 12 [Roof construction] (2005, AIJ). Seven products of asphaltimpregnated felt (AF), two products of modified asphalt-impregnated felt (MF), and three
products of permeable polymer housewrap (HS) for secondary waterproofing material of wall
assembly were selected as the test samples. The AF and MF were immersed in calcium
hydroxide for 168 hours before fastening on the substrates, while this alkali treatment was not
performed on HS. These test samples were set on substrate and fastened by staples. Two
products of staples with 13 mm and 19 mm leg lengths were employed as the fastener for AF
and MF, and those with 13 mm leg length were used with HS. Water column containers were
placed on the fasteners of the specimen, and colored water was injected into them, as shown in
Figure 10. The potential of the hydraulic pressure was set at 30, 50, 100, 150 mm of height, and
water penetration was confirmed by visual observation of the colored water leaking after 24
hours. Three spots for test target with the water column container were prepared for each
combination of the sample and the staple, and consequently, the number of fasteners was 21 for
AF, 6 for MF, and 9 for HS, respectively. Table 3 shows test cases and exposure conditions.
4.2.2 Case 2 (After Outdoor Exposure)
Water penetration tests in Case 2 were performed on three products of HS and one product each
of AF and MF. Each sample was fastened to the substrate of plywood using the staple, and the
target was nine spots per substrate. Figure 11 shows the configuration of the specimen. To
consider the impact of exposure conditions on an actual construction site before installation of
the exterior finish, the specimens were exposed to an outdoor environment on a 30-degree angle
from the horizontal. The water penetration test was performed after the exposure for 2 weeks
in winter. The water level for the water penetration test in Case 2 was only 30 mm.
Table 3. Test cases for water penetration test.
Case

Sample

1

AF
MF

2

HS
AF
MF
HS

Leg length of staple
(mm)
13
19
13
19
13
19
13
13

The number of pinholes
[The number of products]
21 [7]
21 [7]
6 [2]
6 [2]
9 [3]
9 [1]
9 [1]
27 [3]

Exposure condition
before the test
Alkalin for 168
hour
Outdoor
environment for
7days

AF: Asphalt-impregnated felt 430, MF: Modified asphalt-impregnated felt, HS: Permeable polymer housewrap
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4.3 Rate of Fastener Interface Securing Watertightness
4.3.1 Case 1 (Without Outdoor Exposure)
Figure 12 shows the relationship between the rate of the fastener interface securing
watertightness and the water level. Water leakage was observed at 30 mm of the water level in
HS, and all points of HS allowed water penetration through the fastener interface. Contrarily,
AF and MF indicated higher performance for watertightness. However, water leakage in AF
and MF was detected from 50 mm of water level, and half of the test spots allowed water
penetration at 150 mm. Although this experiment in Case 1 showed the vulnerability of HS, it
could not indicate a difference between AF and MF in terms of seal performance at fastener
interface.
4.3.2 Case 2 (After Outdoor Exposure)
Table 4 shows the rate of watertightness after exposing the specimens in an outdoor
environment for two weeks. Dispersion in the difference of the spots was not indicated in each
waterproofing material. Although water penetration was detected on AF and HS, MF secured
watertightness on all spots of the fastener interface even after outdoor exposure. In general, it
takes more than a week for the installation of exterior finishing after fastening the waterproofing
material in construction sites. The differing results between Case 1 and Case 2 suggested not
only vulnerability in AF but also durability in MF against outdoor exposure, taking into account
the construction schedule. Additionally, it can be said that durability against outdoor exposure
is important in terms of assessing the performance of the secondary waterproofing layer.
Water column container
(set after exposure)
100

Water column container

100

Colored water

100

Fastener
(Staple)

Sealant

Water level

Substrate
(Plywood)

100

Substrate
(Plywood)

Fastener (Staple)

mm

Sample
(Water proofing material)

Sample
100

Figure 10. Setup for water penetration test.

100

100

100
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5 Conclusions
To confirm the vulnerability of the primary and secondary waterproofing layer to water entry,
water penetration tests were implemented on vulnerable parts, such as siding joints, wall-roof
interfaces and fastener interfaces. The quantity of penetrated water in the worst specimens
exceeded 0.3 L/min m2 at 240 Pa of pressure difference, and this value is greater than water
penetration from electrical outlets and vent ducts in past research (Sahal and Laccase, 2005).
The significance in this experiment is that products with vulnerable watertightness occasionally
exist, even though there was no remarkable difference in the specification. As for water entry
at a wall-roof interface with short eaves, wind and rain blowing tests indicated that conventional
details, using fasciaboard and bargeboard, are not useful in preventing water entry into the rear
of the siding. Additionally, splashing water reached the pole plate and accumulated on it, when
the wind pressure increased. Water penetration through permeable polymer housewrap was
confirmed at the fastener interface. The watertightness of AF significantly decreased in outdoor
exposure of just 2 weeks.
Although this paper merely addressed a few phenomena relating to water leakage, the results
suggest that various factors, such as detail of interface and quality of materials, have significant
impact on the extent of water leakage. Lately, consideration of rain penetration in hygrothermal
analysis has been recommended in evaluation methods such as the ASHRAE Standard 160
(ASHRAE 2009), and a certain rain penetration ratio is provided. However, results in this paper
imply that this value should be modified by the various factors discussed in order to assess the
service life of building envelopes in practical use.
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Abstract. Saline intrusion is a critical issue in building material because of the severe damages caused
by the salt precipitation/dissolution process, especially for the porous material, which has good
connectivity. When porous material is exposed to aggressive ambient, the pore structure, not only
porosity but also pore size distribution, will be altered by salt precipitation/dissolution. As one of the
most significant characteristics in the porous material, pore size distribution is always paid much
attention in many literatures. However, a quantitative and practical determination method is still absent.
This work aims to establish a probabilistic model to investigate the pore size distribution induced by
solid-phase precipitation/dissolution. First, a lognormal distribution is proposed for the simulation of
initial pore size distribution tested by the MIP method. Then we develop a probabilistic-based porous
network to represent the evolution of microstructure due to precipitation/dissolution. To this end, two
different transformation models are constructed to interpret the relation between initial pore radius and
modified pore radius before and after precipitation/dissolution. With this probabilistic-based porous
network, we could illustrate the precipitated profiles that evolve near the capillary interface during the
salt precipitation/dissolution process for a given porosity and water saturation degree. Such a method
could be used to interpret the mechanism of the local precipitation/dissolution process in pore scales,
which cannot be implemented by experimental measurements.
Keywords: Pore Size Distribution, Precipitation/dissolution, Capillary Interface, Probabilistic
Methods, Transformation Models.

1 Introduction
The durability of construction material is always prevalently focused research since it is strictly
relevant to the long and durable service life of building structures. As is generally accepted, salt
precipitation/dissolution is one of the main factors for the deterioration of construction material,
especially for the porous construction material, which has highly connected cavity facilitating
the transport of moisture, ions, and chemical fluxes (Huang et al., 2015). Salt
precipitation/dissolution strongly influences the pore structure, which governs the most
important properties of porous material, notably compressive strength for cement-based media
(Cristina et al., 2012). For example, salt dissolution induces high porosity, which accelerates
the permeability of gases and liquids within the pore structure, thus affects the compatibility
and durability of the construction materials. As a result, it brings about high maintenance and
repair costs. (Fenaux et al., 2019; Kumar et al., 2003). Therefore, the porous structure directly
impacts the durability and resistance of construction material and components. More
specifically speaking, research on the processes involved in salt-induced corrosion is of utmost
benefit for assessing the durability of construction material.
Apart from the porosity, the pore size distribution (PSD) also plays a vital role in
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characterizing pore structure within porous media (Aligizaki et al., 2005). However, the
porosity does not give any information about pore size, shape, distribution, and connectivity;
thus, the PSD should be employed to give a precise depiction of pore structure. The PSD, which
is so complicated that covers several orders of magnitude of pore size, is principally influenced
by several aspects, for instance, water, air, chemical reactions, and other fluids. (JR Nimmo,
2013) It is essential to recognize that many efforts of experimental measurements have been
devoted to the description of PSD by previous researchers (D.N. Winslow, 1968; S. Roels et
al., 2001; E.Gallucci et al., 2007; Yanbin Yao et al., 2012; Gong Fuyuan et al., 2014). However,
a quantitative and practical determination method is still absent. Since the pore structure is
heterogeneous and anomalous morphology in pore sizes, it is hard to describe it in full detail
by experimental measurements. Therefore, the most reasonable method is to assess it by
probabilistic models.
In this work, we adopted a lognormal distribution to approach the initial PSD before solidphase precipitation occurred. Two representative models for pore radius were constructed by
employing a monotonic transformation model and a non-monotonic transformation model.
After several times of solid-phase precipitation, the new PSD was described by two different
probabilistic methods. According to the comparison and parametric investigations, the
proposed methods could provide us with an estimated prediction of the modified PSD, filling
rate, and water saturation degree.

2 Methodologies
2.1 Transformation Models for Pore Radius
During the process of solid-phase precipitation/dissolution, the initial pore radius goes through
a multi-step of transformation with the evolution �� → �� → ⋯ → �� → ���� , which is
corresponding to the evolution of total porosity �� → �� → ⋯ → �� → ���� . According to the
superposition principle, the new pore radius ����is the superimposed of the current pore radius
�� and the increment term denoted as ���� (�� ) , which is expressed as equation (1). As is
mentioned above, precipitation/dissolution occurs near the capillary interface. Thus, the
waterfront �� is introduced into the transformation models of the pore radius. For the sake of
simplification, it is assumed that the waterfront keeps constant as the evolution of pore structure.
That is to say, the proposed pore system is open to the atmosphere to induce the water to
evaporate into the ambient, which makes the waterfront be equilibrium. In this way, the
capillary interface keeps constant for each time of transformation.
���� = ���� (�� ) = �� + ���� (�� )

(1)

Let us consider two different cases for the increment function ���� (�� ). For the monotonic
model (see Figure 1a), water is filled in all the pores with the radius less than �� . Solid-phase
condenses inside the pores with the radius ranging from �� − � to �� + �. When pore radius is
large enough (i.e., more than �� + �), the accumulated solid-phase is assumed to be constant
as �̅��� . For the non-monotonic model (see Figure 1b), the precipitated solid only occurs near
the waterfront with the range from�� − � to �� + �; for large pores with radius more than �� +
�, solid mass is supposed to be small enough to be neglected when compared to the large pore
space.
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Figure 1. Schematic of the porous model for one single transformation ( �� is the maximum aperture filled with
water, the so-called waterfront or capillary interface; � is the opening zone, indicating the range of solid
precipitation/dissolution, �(�� ) is the increment term for the first time of transformation.).
Table 1. The monotonic transformation model and non-monotonic transformation model for new pore
radius.

Function
���� (�� )
�(�� )
�(�� )

Remarks

Monotonic transformation model
0
�̅
� ��� �(�� )
�̅���

�� < �� − �
�� − � ≤ �� ≤ �� + �
�� > �� + �

3 �� − �� (�� − �� )�
1
�
−
�+
�
4
�
3�
2

The
derived
function
should
satisfy �� (�� ) > 0 in the case of salt
�̅��� is
precipitation, that is,
constrained in the range of [0, −4/3�]

Non-monotonic transformation model

0
�� < �� − �
�̅��� �(�� )
�� − � ≤ �� ≤ ��
�
�̅��� �(�� )
�� ≤ �� ≤ �� + �
0
�� > �� + �
3 2�� + � − 2�� (2�� + � − 2�� )�
1
�
−
�+
�
4
�
3�
2
3 2�� − � − 2�� (2�� − � − 2�� )�
1
− �
−
�+
�
4
�
3�
2

Table 1 shows the details of two different transformation functions. It should be noted if
parameter �̅��� > 0, salt dissolution occurs; if �̅��� < 0, salt precipitation occurs. For the
monotonic transformation model, the derived function � � (�� ) should be positive to make sure
the transformation function is one-to-one.
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2.2 Probabilistic Methods for Modified Pore Size Distribution
The initial PSD for gel pores and capillary pores is presented in the form of lognormal
probability density function that is expressed as:
�� (�� ) =

1

�� √2� ��

exp �−

(ln �� − �� )�
�
2���

(2)

where �� , the location parameter, is the arithmetic mean of the representative pore size and
�� , the standard deviation, is a measure of the dispersion of these pore size.
The total porosity for n+1th transformation is defined as:
���� (���� ) = ���� �

����

�

(3)

���� (�)��

As we have the initial PDF �� (�� ) and two transformation models for pore radius, the new
probability density function ���� (���� ) for n+1th transformation could be determined by the
following two methods, which are presented in Table 2.
Table 2. Two probabilistic methods and their properties.

Method one

Theoretical
foundation

����

Method two

It is based on the assumption that
porosity
is
proportionally
distributed to each pore, the ratio
of local porosity before and after
transformation is equal to that of
the ratio of global porosity:

��

���� �����
=
��
���

Let us consider the cylindrical form of
the pores as to the end that the ratio of
local porosity before and after
transformation is equal to the ratio of
pore volume, which could be
represented by the following equation:

��

����� (�� )
� � �� (�� )
���

����� ���� �����
=
���
�� ���

�� ���� (�� )
�� (�� )
����
��

According to Figure 1, the capillary condensation occurs in pores with radii smaller than �� ,
thus the water saturation degree �� (SD) can be obtained by the integration of the volume pores
with sizes smaller than �� .
��

�� = � ���� ���
�

(4)

3 Implementation and Parametric Study
The inputs parameters of initial pore size distribution were completed by experimental test
mercury intrusion porosimetry (MIP) on masonry cement (see in Table 3 for more properties).
As the limitation of space, only the process of solid precipitation ( �̅��� < 0 ) will be
discussed in this work. The waterfront could occur in any position of capillary pores, ranging
from 0.0025�� to 5�� (Huang et al., 2015), thus, the opening zone � could be any value that
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is smaller than �� .

Table 3. Characteristic parameters of lognormal distribution for the initial pore radius.

Initial porosity ��
0.20

Standard deviation ��
1.2

Mean Value ��
-1.8788

���� (��)
0.0015

���� (��)
165

3.1 One Transformation for the Monotonic Model
Let us study one monotonic transformation of PSD evolves with four different capillary
interfaces both by method one and method two. When solid-phase precipitation occurs, the
porosity is assumed to decrease from 0.2 to 0.18, and the opening zone is fixed at 0.05μm. Then
we can get the new PSD for the single transformation according to the equations in Table 1 and
Table 2.
Figure 2 indicates that significant and sharp salt precipitation occurs near the waterfront for
method one (see in Figure 2a). For method two (see in Figure 2b), the variation of pore radius
is much smoother than method one. Moreover, the modification was distributed evenly to the
whole range of pore size in method two. Thus, it can be concluded that for the porous materials
sensitive to the capillary effect, such as the porous material with a large number of fine pores
and high permeability, method one is more appropriate to describe the slight salt deposition
process than method two. Of course, the extent of salt precipitation also depends on the type of
salts, temperature, concentration, and saturation degree of salt solution.

Figure 2. Pore size distribution with different waterfront for single transformation.

3.2 Successive Transformations for the Non-Monotonic Model
For the case of non-monotonic transformation models, we focus on five times of successive
transformations with the porosity decreasing from 0.20 to 0.18 in the step of 0.004. The
waterfront is fixed at 0.1 μm, and the opening zone is valued at 0.08μm. For non-monotonic
transformation, there is no constraint to new porosity, and all we should concern about is that
the critical parameter �̅��� cannot make the new pore radius negative.
From Figure 3, we can find that both method one and method two generate a bimodal
probability density as the porosity decreasing to a specific value. As is similar to the single
transformation, the probability density presented by method one shows a noticeable increment
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of the peak value. In contrast, the probability density curve implemented by method two shows
a slight shift to the left side, indicating produced more fine pores with the effect of precipitation.
As to the filling rate of pore radius due to the solid-phase precipitation presented in Figure
4, by dividing ���� (�� ) with �� , after one time of transformation, that of the method one is up
to 30% while that of the method two accomplishes around 10%. After five times of
transformation, when the porosity decreases to 0.18, the porous material described by method
one has the filling rate of almost reaching 70%, while method two only achieves over 30%.
Thus, at the same porosity, method one presents a more efficient filling rate of pore radius than
method two.

Figure 3. Pore size distribution for successive non-monotonic transformations by two different methods
(According to Table 2, method one is related to the reciprocal of the derivative function of the non-monotonic
transformation model, which induces the singularity points at the positions where the derivative function is equal
to zero. As a result, the PDF tends to infinity at these singularity points. Herein the unbounded PDF is allowed
because the integral of the modified PDF from 0 to ∞ is equal to 1.).

Figure 4. Filling rate of pore radius by two different methods during the process of salt precipitation.

To investigate the evolution of water saturation degree for successive transformations, we
consider a case that porosity decreases from 0.2 to 0.185 by 30 steps, as is shown in Table 4.
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Table 4. Parameter configurations for the investigation of the water saturation degree in non-monotonic
successive transformations.

Initial
porosity
��
0.2

Final
porosity
���
0.185

Transformation
Times

Transformation
Steps of Porosity

30

0.0005

Waterfront
�� (��)
0.1

Opening
Zone
β (��)
0.08

Figure 5 shows the evolution of the water saturation degree with the porosity. It is observed
that the water saturation degree calculated by method one shows a slight reduction while that
is described by method two increases tremendously with the porosity decreasing. Besides, the
incremental trend is more and more evident as the decreased porosity. It may be ascribed to the
different filling rates of the two methods. For method two, the reduction rate of the pore volume
is lower than that of water volume, leading to the increment of the water saturation degree.
However, for method one, the reduction rate of the pore volume is fast enough to catch that of
the water volume, and the two rates are almost the same. Consequently, the water saturation
degree by method two almost keeps constant.

Figure 5. Water saturation degree implemented by two methods in the case of salt precipitation.

4

Conclusions
-

-

-

When the waterfront moves to large pores, method one shows more evident
modification than method two for PSD in the process of salt precipitation. Moreover,
method one is more appropriate to the porous material that is sensitive to the capillary
effect than method two. Besides, the monotonic model is very limited used, which is
only applicable to the slight salt precipitation.
The existing two probabilistic methods could estimate the filling rate caused by salt
precipitation. According to the simulated results of non-monotonic transformation
models after five times of transformations, method one has a higher filling rate than
method two, which indirectly leads to the stable water saturation degree in method one.
Such an approach of method one allows the water condensation in the open system that
does not depend on the evolution of the pore structure.
For further investigation, proper consideration for the mobilization of waterfront in a
closed system should be taken into account to fully understand the evolution of
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microstructure in the durability research for a porous material.
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Abstract. The presented article describes a case of damage to concrete in the aquatic supports of a
hydraulic ash removal bridge in a power plant. Carrying out an assessment of the causes of concrete
damage, as well as determining the possibility of the occurrence of corrosive phenomena within it,
and thus, consequently, predicting the durability of the building structure and selecting, on its basis, a
proper repair-renovation procedure, required a series of essential studies and analyses to be carried
out. Therefore, in the analyzed case, a complex study was carried out on the structure as well as tests
on samples of concrete cut out, in the form of core drillings, from the damaged structure (among
others: macroscopic, microscopic SEM, XRD, DTA, chemical analyses). Based on these studies, the
types of corrosion responsible for the analyzed damage were determined.
Keywords: RC Aquatic Supports, Durability, Destruction, SEM, XRD, DTA, Chemical Analyses.

1 Introduction
For years now, not much attention has been given to industrial reinforced concrete structures.
Unfortunately, the consequences of this are progressing phenomena of various types of
corrosion, especially when the structures are under conditions posing a risk of corrosion. It is
known that the corrosion of materials which buildings are made from is of fundamental
importance to their durability (Błaszczyński et al., 2008). The reasons behind the corrosion of
concrete, and therefore reinforced concrete, can be manifold. Such corrosion usually takes
place under the influence of external effects. In the recent years, a frequent phenomenon in
building practice is the occurrence of cracking of reinforced concrete structures across their
entire width as early as at the stage of their realization. The reason behind such a state of
things, as proven in works (Błaszczyński et al., 2008, Łowińska-Kluge et al., 2012), is internal
corrosion in concrete. Concrete, as a structural material, is subjected to the corrosive effects of
the outside environment. One type of corrosion that this material undergoes, frequently
neglected by designers, is biological corrosion – a specific case of chemical corrosion. It
ought to be pointed out that numerous physical and chemical transformations taking place in
concrete are the result of the activity of metabolic organisms, i.e. bacteria, fungi or algae. The
destruction of material caused by these living organisms takes place, among others, under the
influence of biogeophysical processes, such as the changes in the porosity of material as a
result of the development of a biological membrane on the surface of the concrete (Horbik et
al., 2013, Łowińska-Kluge et al., 2016, Mejíaa et al., 2019).

2 Short Description of Analyzed Structure
Aquatic supports of a hydraulic ash-removal bridge are found in the area of a power plant, or,
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more precisely, over the waters of a lake surrounding the actual plant. The lake serves to
naturally cool off turbines. The supports are monolithic reinforced concrete structures in the
form of reinforced concrete footings, found on a steel grated structure supporting structure,
the construction of which is based mainly on channels or I sections.
After many years of service, the supports of the hydraulic ash-removal bridge are in a bad
technical condition. Corroded and spalling concrete can be seen, as well as the progressing
corrosion of reinforcing steel (Fig. 1, 2).

Figure 1, 2. Damages to pillars in the form of spalling corroded concrete and corroded reinforcing steel.

Centres of biological corrosion are also visible (Fig. 3 and 4).
Plants

Remains of biological
corrosion

Algae

Figure 3. Reinforced concrete support with corrosion
Centres.

Figure 4. Reinforced concrete support along with
the covering vegetation and algae.

3 Performed Laboratory Tests
Laboratory tests were carried out on the collected samples from the objects, which covered:
concrete core drillings of ∅ 4.5 mm, defined as Concrete A (Fig. 5) as well as concrete piece
samples from areas near reinforcing bars and labelled as Concrete B (Fig. 6).

Figure 5. View of collected samples in the form of core drillings.

Figure 6. View of collected pieces.

3.1 Macroscopic Studies
Based on macroscopic observations, the occurrence of natural aggregate of a similar
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granulation as well as certain amounts of carbonate aggregate was determined in the analyzed
types of concrete. Concrete samples are characterized by a porous structure and varying
dimensions of pores, with the remains of corroded reinforcement bars (Fig. 7a) and carbonate
aggregate (Fig. 7b) determined on the majority of the samples.).
The presence of biotic factors in the form of algae and mosses, which can cause biological
corrosion, is confirmed on the outer side of samples A and B (Fig. 8).
a/

b/

Figure 7. Piece samples of concrete: a/ porous structure and remains of corroded reinforcement bars, b/carbonate
aggregate reacting with 10% HCl.

Figure 8. Concrete samples with visible biotic factors.

In order to assess the estimated course of carbonization in the analyzed concretes, the cross
sections of concrete samples were sprayed with 1% phenolphthalein solution. Piece samples
(Concrete B) are completely carbonized (Fig. 9), whereas in the samples from the core
drillings (Concrete A), the carbonized layer is 1-3 cm in thickness (Fig. 10). Carbonization is
not noted deeper within.

Figure 9. Pieces of Concrete B; completely carbonized
concrete (all the way to the reinforcement bars) with
visible remains of corroded reinforcement (pH>9).

Figure 10. Pieces of Concrete A; visible layer
into concrete with an alkaline pH, carbonized
1-3 cm in thickness.

3.2 Determining Absorbability
Determining the absorbability of the collected concrete (serving the function of a cement
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finish) was carried out using the desiccators - gravimetric method. The moisture content was
determined in [%] from Formula (1):
n = (m-ms)/ms · 100

[%]

(1)

where:
n – absorbability [%],
m – mass of sample saturated with water to a constant mass [g],
ms – mass of sample dried to a constant mass [g].
The results obtained for the analyzed concrete are given in Table 1.
Table 1. Absorbability of tested concretes.

Concrete type
absorbability [%]

Concrete A
6.77

Concrete B
7.84

The results presented in the above table are the average from three indications for each
type of concrete.
All determined absorbability values exceed 5%. In accordance with p. 5.2 of the PH-88/B06250 standard: absorbability of concrete should not be higher than 5% in the case of concrete
directly exposed to the effects of atmospheric factors, as was the case in the concretes
analyzed here.
3.3 Determining the pH Value of Concrete
The pH of aqueous extracts of ground concrete samples taken from different locations was
measured. The measurements were carried out using a N5170E Ph-meter. A combined glass
electrode was used for the studies. Each of the results is the average from three readings
Table 2. pH value of analyzed concretes.

Concrete type
pH value

Concrete A
10.28

Concrete B
7.29

A typical pH for normal concretes is a pH = 12.3 to 12.7. A pH value = 11.8 is the limiting
value at which the C-S-H (tobermorite) and aluminosilicate phases in the cement rock are
stable. Concrete at a PH < 11.8 ceases provide protection for steel. All collected samples were
characterized by a pH < 11.8, which confirms the corrosion processes of steel taking place
within the concretes. The pH of Concrete B points to extensive processes of corrosion.
3.4 Determining Concrete Strength
Studies on the compressive strength were carried out on a universal durometer for static
samples. The machine has a electrohydraulic drive with a hydraulic control system. In
accordance with the calibration certificate and with p. 4.2.2 of PN-EN 12390-4:2001:
Concrete tests. Part 4: Compressive strength. Requirements for durometers, the machines
ought to be categorized in Class 0.5. The maximum load of the machine was 300 kN.
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The tests were carried out in accordance with the PN-EN 12390-3:2002: Concrete tests.
Part 3: Compressive strength of samples for testing. Compressive strength tests were carried
out on samples cut out from the provided drillings. In connection with the small diameters of
the boreholes, only samples with a surface of < 225000 mm2 were obtained, and thus all
results should be lowered by a value of 10 to 15%. The carried out tests provided results of
compressive strength with values ranging from 11.81 MPa to 27.19 MPa. The obtained
average strengths, with a large range of values, allow only for qualifying the analyzed
concretes in classes from 10 to 20 MPa, depending on the level of damage.

4 Selected Structural-Chemical Tests
The collected samples were also subjected to necessary structural-chemical tests, such as:
−
microscopic examinations,
−
necessary chemical analyses.
4.1 Microscopic Tests
In order to determine the structure and type of created compounds, as well as to assess the
possibilities as well as directions of further reactions in the analyzed Concretes A and B,
microscopic examinations were carried out.
Microscopic examinations were also to serve the purpose of assessing the potential
possibilities and directions of further reactions taking place in the analyzed concrete
(Łowińska-Kluge et al., 2006). The studies were carried out in accordance with the assumed
guidelines of microscopic analyses, using a type VEGA TS 5135 MM scanning microscope,
at a low vacuum in electrons reflected on non-sputter-coated samples. Over the course of the
tests, photographs of characteristic areas of the analyzed samples were taken. Example result
has been shown in Fig. 11.

Figure 11. Microscopic SEM image of Concrete B surfaces contaminated with biotical factors (mosses, algae,
fungi); very porous structure of cement matrix; visible “fibrous etchings” caused by the activity of biotic factors
present in the gel phase.

Non-model microanalyses of EDS using an x-ray microanalysis system of characteristic
products of reactions observed in the concrete of the finish and on eave sheet metals were also
carried out.
The presence of carbon, calcium, oxygen, silicone, phosphorus, iron, sulphur, small
amounts of nitrogen as well as trace amounts of potassium, zinc and aluminium is confirmed
on the surface of the carried out non-model EDS x-ray microanalysis of the surface of
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Concrete B contaminated with biotic factors (Fig. 11). Calcium silicates and aluminates had
probably already undergone decomposition.
4.2 Necessary Chemical Analyses
In an effort to precisely specify the amount of compounds which can influence the properties
of the analyzed concretes, chemical analyses of samples of these concretes were carried out.
Chemical analyses were carried out on adequately-sized samples of ground concretes A
and B in accordance with the standards (PN-EN 196-2:1996, PN-EN 196-21:1997, PN-EN
197-1:2002) as well as the method of classical chemical analysis. The obtained results [%]
have been presented in Tables 3 and 4.
Table 3. Determined SO3 total., MgO, CaO, Na2O, K2O and Na2Oeq contents in the entire concrete.

Concrete
A
B

Content of compounds in mean concrete sample [%]*
CaO
MgO
Na2O
K2O
29.53
1.03
0.14
0.387
32.87
1.53
0.11
0.70

SO3total
2.44
0.96

* The results are the means of three recordings.

Na2Oeq.
0.39
0.57

In Concrete A, a significantly higher content of SO3, higher content of Na2O and lower
contents of MgO, K2O and CaO occur as compared to Concrete B.
Estimated calculations of the amount of indicated compounds for concretes in [kg] and a
comparison of the obtained results for the cement only [%] have been presented in Table 4.
An experimentally determined amount of cement was assumed for calculations due to not
being familiar with the actual amount of cement used to create the tested concretes. In doing
so, 306 kg cement per m3 were assumed for Concrete A m3, and 302 kg cement per m3 for
Concrete B. Concrete A has a relative density of 2446 kg/m3, whereas that of concrete B is
2391 kg/m3.
Table 4. Estimated amounts of SO3całk., MgO, Na2Oeq in concrete.

Concrete type

In relation Amount of indicated compounds in concrete
to:
SO3total
MgO
Na2Oeq
Concrete A:
Concrete (2.44·2446/100) = (1.03·2446/100) = (0.39·2446/100) =
- relative density mass [kg]
59.68 kg/m3
25.19 kg/m3
9.53 kg/m3
= 2446 kg/m3,
- cement = 306
Cement (59.68·100/306) = (25.19·100/306) = (9.53·100/306) =
kg/m3,
mass [kg]
19.50 %
8.23 %
3.11 %
Concrete (0.96·2391/100) = (1.53·2391/100) = (0.57·2391/100) =
Concrete B:
- relative density mass [kg]
22,95 kg/m3
36.58 kg/m3
13.63 kg/m3
= 2391 kg/m3,
- cement = 302
Cement (22.95·100/302) = (36.58·100/302) = (13.63·100/302) =
kg/m3,
mass[kg]
7.60 %
12.11 %
4.51 %
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The indicated amounts of SO3total for the analyzed concretes range between 19.50% (A) to
7.60% (B) in relation to the estimated cement mass. The obtained amounts do not fulfil the
requirement from Table 3 of the standards (PN-EN 197-1:2002) for Portland cement and
Portland cements with additives, which, according to the standard, cannot exceed the value of
3.5%.
The indicated amounts of MgO, i.e. 8.23% in Concrete A and 12.11% in Concrete B, in
reference to cement mass, exceed (according to Peukert, 2000), the permissible value of 4%.
Over many years, MgO content of 5% in cement was permitted in the standards of most
countries. However, cases of the destruction of many structures in the USA and other
countries, as well as results of long-term studies, showed that additional safety measures are
necessary.
The indicated amounts of alkalis (Na2Oeq), i.e. 3.11% (A) and 4.51% (B) in relation to the
cement mass exceed, according to (Peukert, 2000 ), the permissible value of 0.6%.
Sulphur compounds recalculated for total sulphur, MgO and Na2Oeq in the tested
concretes may come from the applied aggregates and their contaminants, as well as from
cement.

5 Analysis Along with Assessment
Based on the description of the existing state, carried out tests and earlier analyses, it can be
stated that the observed phenomena are mainly caused by leaching, carbon and biotic
corrosion. Signs of sulphuric corrosion were not noted, though the use carbon aggregate and
small amounts of fly ashes were confirmed in the concrete.
Unfortunately, the contractor refused to provide data on water and air contamination,
making it much more difficult to search for reasons behind the occurrence of the present
phenomena. The lack of adequate tightness of the surface layer caused constant dampening of
the remaining layers of the analyzed concretes. Therefore, the moisture contained and
persisting in the concrete led to the slow dissolvent of calcium compounds from the cement
stone. This moisture, being the result of precipitation waters, that is soft waters with low
carbonate hardness as well as water evaporating from the surrounding lake, leads to the
emergence of leaching corrosion. Leaching is a diffusion process, the course of which is
significantly influenced by water flow speed and pressure. The aggressiveness of soft water
increases in lower temperatures. The leaching of calcium hydroxide begins in the surface
layers. Over the course of time, Ca(OH)2 from increasingly deeper layers is leached into the
environment. First, Ca(OH)2 (so-called free calcium) is dissolved, and along with the
lowering of pH, also the calcium from hydrated silicates and calcium aluminates. These
calcium compounds settled on the steel reinforcement bars and, in the presence of moisture,
reacted with carbon dioxide (CO2) that got through from the atmosphere. These gases, along
with moisture, also entered the inside of the cement stone with the leaching of Ca compounds.
The occurring reactions resulted in the formation of, among others, calcium carbonate and
iron carbonate. These products are clearly identified during microscopic studies and over the
course of EDS microanalysis. Steel reinforcement bars, in places of contact with concrete,
were in a constantly moist environment.
Non-model EDS microanalysis revealed, above all, the presence of products from the
cement matrix “interspersed” with products of rebar corrosion, as well as showing the
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occurrence of products of the decomposition of the cement matrix and reinforcement bars (in
the form of mainly calcium carbonates, iron and zinc). The probable distribution of calcium
silicates and aluminates was determined on the basis of the carried out non-model x-ray EDS
microanalysis of a zone of Concrete B surface contaminated with biotic factors. The lack of
portlandite (significantly lower amount of C-S-H phases), very high amount of calcite (3.5
times higher) and decreased amount of quartz (twice lower), as compared to Concrete A,
point to the extensive corrosion of the cement matrix in Concrete B. Sulphur compounds
recalculated for total sulphur, MgO and Na2Oeq content in the assessed concretes may come
from the applied aggregates and their contaminants, as well as from cement.
As indicated by the results of the carried out laboratory studies and conducted analyses, the
corroded surface layer of the concrete ought to be removed all the way to the reinforcement
bars, with the uncovering and cleaning of the rebars. Next, new layers ought to be made in
accordance with one of the systemic repair technologies.
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Abstract. Concrete structures are constantly moving in the direction of improving the durability.
Durability depends on many factors, which are the composition of concrete mix, the usage of additives
and admixtures and also the place, where material will work and carry the load. Taking into account
that the consumption of cement on the globe gives way only to the consumption of drinking water, the
issue of concrete technology begins to take on an economic and ecological aspect. Mentioned above
the aspect of durability is strictly connected to economy. Due to huge amount of greenhouse gasses
produced in the process of calcination, the ordinary Portland cements are responsible for even 8% of
anthropogenic carbon dioxide production. This paper is focused on properties of materials known as
green binders. They can be used to produce aluminium-siliceous binders and green concretes which
can also be known as geopolymer concretes. Often used in construction industry, class F fly ashes are
also good substratum also for aluminium- siliceous binders. Nevertheless amount of available class F
fly ashes do not give the possibility to replace ordinary cements by aluminium-silicate one produced
from this type of ash. This raises the need to look for replacement solutions for the substrate of the
new green adhesive. As the substrate of new eco-binders there were used fly ash which came from coal
and high calcium ash from the burning of lignite, called class C fly ashes. However not processed one,
cannot compete with Portland cements due to durability. It surely depends on many aspects of
polymerization process, which are for example maturation environment, concentration and type of
alkaline activator, but the most important are parameters of fly ash substrate. This is because main
attention was paid to granulation of examined class C fly ashes which have been subjected to
a grinding process involving milling in a magnetic mill and subjected to ultrasonic waves. The
analysis of grain change was presented in the aspect of the possibility of increasing the strength and
durability of the cement material.
Keywords: Aluminium-Silcate Cements, Green Cements, Type C Fly Ash.

1 Introduction
In recent years, many different kinds of cementiious materials have been developed. Many of
them were alkali-activated cementiious materials. It is mostly because of their high strength
and durability. Moreover they have got very low environmental impact due to emissions of
greenhouse gasses which was subject in some papers (Błaszczyński et al. 2014, 2015; Juenger
et al. 2011 and Barbosa et al. 2000). Most of used in civil-engineering and infrastructural
construction fly ashes are type F. The reason of that is because of their excellent properties
and wide spectrum of application. Much worse properties, especially in use as additives to
cements and mortars gives usage of type C fly ash. According to Yang (Yang et al. 2008),
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aluminosilicate materials obtained from alkali-activated class F fly ash have main binding
phase as the amorphous hydrated alkali-aluminosilicate (Krizana et al. 2002; Haha et al. 2011
and Guo et al. 2010) proved that the major binding phase in alkali-activated ground
granulated blast furnace slag similarly like in type C fly ash is calcium silicate hydrate (C-SH). Because of this fact, main goal of this paper is to present future possibilities of treatment
which could increase application range and utilization of C type fly ash.
Alkali-activated slag cements show good mechanical strength. Their strength, compressive
and flexural can be even better than in ordinary cements which were shown by Hardjito and
others (Hardjito et al. 2005; Wallah et al. 2006 and Cheng et al. 2003). The classical cements
set owing to the special phenomenon of solvation, i.e. hydration. It is a compound process due
to overlapping and a mutual influence of individual clinker phases that react with water. The
total hydration process consists of three basic stages. The dissolution of soluble compounds in
water, that is the proper hydration, which consists in the creation of the primary phase in a
colloidal state (the formation of the plastic mass) and the crystallization of the hydration
products (hardening of the plastic mass) what was presented by Błaszczyński and Król
(Błaszczyński et al. 2015). The initial stage of the proper hydration of cement was presented
by Kurdowski (Kurdowski, 2010). It is connected first of all with the C3A phase. As a result
of a fast reaction of this phase, large crystals of hydrated calcium aluminates are produced
(Figure 1a). All the stages of hydration, as compared with the setting of the polymeric blend,
are presented in Figure. 1.
a)
b)

Figure 1. Comparison of phases: a) hydration of the Portland cement, b) polymerization.
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The present state of knowledge was collated by Skvara (Skvara, 2007). It gives the
possibility to present that a geopolymer based on fly ash is characterized by following
properties:
- is built by structure similar to vitreous bodies what was presented by Barbosa and
Mackenzie (Barbosa et al., 2000),
- in structure of geopolymers there is presence of sodium and potassium cations (Na+,
K+), which are not bonded so strong as it is in zeolite, it is a reason of potential
efflorescence occurrence,
- structure of material is represented by a porous body,
- porous body of geopolymers contain water,
- the water is used in geopolymerization process as a transport of alkali activator,
- amorphous hydrates and crystalline can be noticed in structure only if material
containing calcium are present (i.e. blast furnace slag, calcium fly ash).
A number of characteristics and properties of materials that are by-products in various
processing processes are strictly conditioned by the technological cycle. Whether in the case
of fly ash or blast furnace slag, temperature plays a major role in the quality of the products
obtained, in addition to the properties and composition of the substrate. The higher it is, the
cleaner the product is, the more finely divided it is, and the more extensive it can be used.
What's more, the implication of binders in open atmosphere conditions is also possible,
without the need for high-temperature ripening conditions. This situation occurs in the case of
both fly ash and blast furnace slag what was topic of Małolepszy and Deja (Małolepszy et al.,
1999). The substrate used in the reactions in which the above by-products are formed
determines the use of temperatures appropriate for the given reaction and technology.
Małolepszy and Deja (Małolepszy et al., 1999) suggest in their work, where the photos taken
by scanning microscopes of fly ash samples from power plants and combined heat and power
plants, in which various technologies of coal combustion differing among other temperatures
of this process were used, that there is possible to systematize the composition of the sample
together with the increase of the combustion temperature. Fly ash is artificial pozzolana,
which is formed during the combustion of shredded coal in power plants equipped with dust
boilers. Pozzolans do not self-harden after mixing with water. However, when they are finely
ground after the addition of water, they react with calcium hydroxide, forming a mixture of
aluminium silicates and calcium silicates with increasing strength and that has been proven by
Barbosa and others (Barbosa et al., 2000; Duxson et al., 2007 and Caijum et al,. 2011). The
pozzolanic activity of ashes is significantly affected by their particle size. As the grain
increases, the pozzolanic activity decreases. Fractions smaller than 45 [µm] can characterize
pozzolanic activity significant for building materials

2 Experimental Program
2.1 Materials
Fly ash from brown coal combustion with a significant content of calcium compounds was
used for the research. In the determined samples, the CaO content ranged from 15 to 24%.
The samples were not cleaned of unburned coal, which was present in the composition in the
size of approx. 3 to 5%. The chemical composition of tested fly ash is given bellow (Table 1).
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As the activator, an aqueous solution of potassium hydroxide with a given molar ratio was
used (Table 2). Aggregate was not added to the mix.
Table 1. Summary of the chemical composition used for testing fly ash.

Type of fly
ash

SiO2

Al2O3

Fe2O3

TiO2

MgO

CaO

Na2O

K20

Ignition
losses

TYPE C

44,17

21,79

4,58

1,85

1,49

21,06

0,23

0,19

4,64

Table 2. Properties of used alkaline activator.

Name

Molar mass
[g/mol]

Density
[g/cm3]

Viscosity cP

potassium hydroxide

56,11*

2,12

-

2.2 Mixes Design and Specimens Preparation
For the first 12 h, the samples were kept at 80°C, and then were reaching their final proporties
in air-dry conditions. After 24 hours of implementation, they were demoulded and
successively tested for strength.
The selection of such temperature and treatment time was the result of previous tests. At
80°C, the tested binders obtained relatively the highest compressive strength. Samples made
of calcium fly ash had a decrease in strength as the temperature increased to 95°C. Hence, the
ideal ripening conditions were a temperature of 80°C and a ripening time of 12 hours in its
surroundings. As the alkaline activator, the strongest available bases of potassium hydroxide
were used in the concentration of 12M. The influence of activator concentration on the tested
samples was not tested.
2.3 Methods
The treatment impact study was carried out on calcium fly ash. They have been checked for
grain size. The material was then milled in an electromagnetic mill distinguishing samples in
terms of milling time. After milling, the samples were examined for granulation and subjected
to ultrasonic waves. After this treatment, the grain size of the material was again tested. This
was to break down any agglomerates formed during grinding. Due to the limited amount of
substrate that can be tested and the large number of millings, the test was carried out for times
of 15, 30, 60, 120, 180 and 240 s, respectively.
Research related to determining the basic mechanical properties of geopolymer binders
from treated ash in the form of milling was carried out on 40x40x40 mm cubic samples.
This allowed achieving additional volumes using less ash used. Two series of tests were
obtained in this way:
I - testing the efficiency of grinding substrates in the form of calcareous fly ashes by
checking the difference in compressive strength of the ground substrate,
-
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II - testing the efficiency of grinding substrates in the form of calcareous fly ashes by
checking the difference in tensile strength when splitting the ground substrate
(Figure 2-3).
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Figure 2-3. View of the sample before and after the splitting test

3 Results and Discussion
First obtained result was the effect of grinding and ultrasound treatment on grain size of tested
samples. Grain size after grinding in times of 15, 30, 60, 120, 180 and 240 s, compared to
samples additional subjected to ultrasound treatment is shown below (Figure 4-10).

Figure 4. Grain size of output sample.

Figure 5. Grain size of sample grinded for 15s.

Figure 6. Grain size of sample grinded for 30s.

Figure 7. Grain size of sample grinded for 60s.
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Figure 8. Grain size of sample grinded for 120s.

Figure 9. Grain size of sample grinded for 180s.

Figure 10. Grain size of sample grinded for 240s.

The most favourable in terms of maximum fragmentation turned out to be grinding time of
60s. During it, the highest
ash content below 45 µm was obtained.
Further increase in
grinding time caused the opposite effect agglomerates began to form in the material. This
happened because smaller particles of ash under the influence of fragmentation obtained
greater pozzolanic reactivity, due to which under the influence of a small amount of moisture
and heat generated during grinding they merged into larger particles. The next stage of
treatment was subjecting the material to an ultrasonic wave, which broke the agglomerates
formed, making the sample with the largest fragmentation become a milled sample for 120
[s]. The degree of comminution described by the specific surface in this case corresponded to
the obtained compressive strength of the tested samples. The increase in tensile strength for
the reference sample, which was a mixture constituting 50% of the ground material for 120 s
and 25% of the value of the ground material for 30 and 240 [s], respectively, should be
considered significant. The material obtained after mixing these components was
characterized by the relatively largest amount of the finest material, with a grain size less than
10 [µm] in relation to the amount of material less than 45 [µm], and the most even
distribution of grain size in the range of 10-45 [µm] (Figure 11-12).
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output sample
grinding for 30 s.

reference sample
grinding for 60 s.
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Figure 11. Compressive strength of samples made of treatment fly ash.
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Figure 12. Tensile strength of samples made of treatment fly ash.

4

Conclusions

The strength results of binders made on the basis of calcium fly ash subjected to treatment in
the form of ash milling show three basic relationships. First of all, milling of ashes has a
significant impact on the achieved compressive and tensile strength of the tested samples. The
most effective in terms of strength parameters of samples obtained from the tested ashes is the
milling time of 120 s. Its increase did not cause a significant increase in compressive strength
and in the case of tensile strength even a decrease in strength. The use of a mix of ashes with
different grinding times had a positive effect on the increase of compressive and tensile
strength as well as the ratio of these strengths. This was probably caused by a change in the
form of granulometric distribution, which has a major impact on the rate and degree of
geopolymerization.
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Abstract. Nanjing City Wall, one of the most important cultural heritages in China, has been damaged
in a natural environment for centuries. Plants can be a candidate to regulate the micro-environment
and mitigate the influence of local climates, which cannot be easily controlled by human efforts.
Therefore, we examined the potential of the roadside trees along the City Wall to buffer the
hygrothermal cycles that can deteriorate the City Wall. We surveyed the deteriorated state and
measured the temperature and moisture content of the City Wall. Measured results showed smaller
temperature fluctuation at shaded surface than the unshaded with a maximum temperature difference
of 10.9 ℃ in summer. The measured water content decreased with height. A coupled two–dimensional
hygrothermal ‘City Wall–plant’ model was proposed to clarify the influence of the roadside trees on the
hygrothermal distribution of the City Wall. The proposed city wall-plant hygrothermal model could
predict the surface temperature and water content well.
Keywords: Heritage Conservation, City Wall, Plant Regulation, Hygrothermal Distribution,
Deterioration.

1 Introduction
Nanjing City Wall, one of the most important cultural heritages in China, has a long history that
can be traced back over 600 years. It is an ancient structure with abundant cultural heritage
values, among which are inscriptions (Nanjing City Wall Protection and Management Centre,
2016) (Figure 1) that contain information about responsible organizations and persons on bricks.
Nanjing City Wall was deteriorated due to efflorescence, peeling and cracking which damage
surface inscriptions.
Related to conservation of cultural heritages, one key consideration is how to mitigate the
effects of environmental fluctuations on wall materials. Nanjing City Wall has been exposed to
climatic variations such as solar radiation, temperature, relative humidity, and rainfall. The
humidity is strongly correlated with formation of the fungal communities that causes
biodeterioration (Li, et al. 2020). Different ambient relative humidity conditions would result
in various degrees of damage by the crystallization pressure of sodium sulphate (RodriguezNavarro and Eric, 1999). Moisture significantly reduces the compression strength of the bricks
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(Foraboschi and Vanin, 2014) and determines the degree of freeze–thaw damage based on
temperature (Feng, et al. 2019).
With respect to green urban development, coverage with vegetation offers a potential
solution. English ivy has been found to reduce the range and variability of wall-surface
microclimates over diurnal, seasonal and annual timescales (Sternberg, et al. 2011) and reduce
the frequency, duration, and severity of freezing events (Coombes, et al. 2018) at historic sites
in England. Araoka, et al. (2017) investigated the deterioration pattern of the Nanjing City Wall
and found that shaded brick walls with trees on their side were relatively well-preserved.
This study aims at evaluating the potential of the roadside trees along the wall to buffer the
microclimate of Nanjing City Wall. First, the situation of Nanjing City Wall was investigated
and the temperature and moisture content of the wall were measured. Second, a two–
dimensional hygrothermal ‘City Wall–plant’ model was developed to evaluate the influence of
trees.

Figure 1. Inscriptions
on the City Wall.

Figure 2. Vegetation status at monitoring points.

2 Method
2.1 Measurement
The measurements have been conducted around Jiefang gate( one gate at the northern part of
City Wall). Two shaded walls (Sites 1and Site 2 ) and two unshaded wall (Site 3 and Site 4)
were selected and been monitored from April 2019 to December 2019 (Figure 2). Air
temperature and relative humidity under the canopy, surface temperature and water content of
the City Wall were measured (Figure 3). The meteorological station was 800m apart from the
monitored sites. The monitored weather data included the air temperature, relative humidity,
rainfall, and horizontal solar radiation.

Figure 3. Outline of monitoring at each site. Monitoring period: Jun.- Dec. 2019 (temperature);
Apr. - Dec. 2019 (water content). The heights of measured points are denoted as H0.15 (0.15m), H1.2 (1.2m), etc.
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2.2 Simulation Model
2.2.1 City Wall
The simultaneous transfer model of heat and water by Matsumoto. (1978) was adopted in this
paper. The water chemical potential 𝜇 is used to express moisture state in this paper. The
relationship between 𝜇 and temperature and relative humidity is as follows:
(1)
μ=Rv TIn(h)
Heat balance equation:
∂T
cρ⋅ ∂t =∇[(λ+λ'Tg )∇T+ rλ'Tg ∇μ ]
(2)
Moisture balance equation:
∂Ψ

2.2.2 Plant model

∂μ

ρw � ∂μ � � ∂t � =∇�λ'μ (∇μ-gn)+λ'T ∇T�

(3)

In our model, trees can reduce incident solar radiation to and the nocturnal radiation from the
wall, and intercept the rainfall that dropped to vertical projection region (the ground and wall).
Furthermore, the rainwater trapped by trees evaporated and removed heat from the plants. The
model was based on the plant model by Kondou (1996). Figure 4 shows the thermal and
moisture network model of the plant.

Figure 4. Thermal (a) and moisture (b) nodal networks of the plant-ground model.

3 Results and Discussion
3.1 Measured Results
3.1.1 Weather data
Figure 5 shows the weather data from Jan. 2019 to Dec. 2019. The temperature fluctuation was
42.6 °C (–2.6 °C~ 40 °C), and the annual average temperature was 18.1 °C. The relative
humidity fluctuated between 15.8% and 100%, and exceeded 90% for 1369 hours (Figure 5a).
It rained more in the summer, followed by winter (Figure 5c). The annual rainfall was 486.5
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mm, much less than the average rainfall of 1206 mm for the last 10 years (Nanjing Bureau of
Statistics. 2007-2017)).

(a) Temperature and relative humidity

(b) Solar radiation

(c) Precipitation

Figure 5. Weather data (Jan. 2019-Dec. 2019).

3.1.2 Air temperature and relative humidity under the canopy
Figure 6 shows the measured air temperature and relative humidity under the canopy at Site 1
along with the meteorological (outdoor) data. During the monitoring period (Jun. 2019 - Dec.
2019), the temperature fluctuation of the air under the canopy and the outdoor air were 35.9 °C
(1.8 °C~ 37.7 °C) and 38.4 °C (1.6 °C~ 40 °C), respectively. In summer, the temperature under
the canopy was lower than the outdoor temperature for most time, with a 6.1 °C difference of
maximum temperature. On the contrary, the relative humidity under the canopy was higher than
that of the outdoor values for the most time. The relative humidity difference was usually
between -27%~8%.
3.1.3 Surface temperature and water content of City Wall
Figure 7 shows the measured surface temperatures at Site 1 (shaded H3.9) and Site 3 (unshaded
H3.9). Part of the temperature data was missing when the temperature recorder equipment was
not powered. The temperature fluctuation at shaded H3.9 was 33.2℃ (3.2℃~36.4℃), which
was smaller than the temperature fluctuation of 43.7℃ (3.6℃~47.3℃) at shaded H3.9. In
summer, almost the same daily minimum temperatures and large differences in the maximum
values were seen on shaded and unshaded points. In winter, due to the low solar altitude, the
unshaded H3.9 (Site 3) was partly shaded by trees. Then and the similar temperature fluctuation
can be seen at shaded (Site 1) and unshaded H3.9 (Site 3).
Figure 8 shows the average water content of 10 bricks at Site 2 and Site 4. Due to lawns on
the south side of Site 4 with regular irrigation in summer, this may result in increased water
content of the wall. Therefore, this paper compares the water content fluctuation in two cases,
separately. The results show the water content decreased with height, while the water content
at H2.1 was higher than at H1.2 in Site 4. It may be due to different water absorption and storage
capacity of bricks and reduction of the evaporation rate by herbaceous plant at H2.1, and needed
to be further studied. During the monitoring period, the water content of each height was
obviously affected by rainfall. The water content was higher in rainy season (July and August),
while lower in arid season (September and October).
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(a) Temperature
(b) Relative humidity
Figure 6. Temperature (a) and relative humidity (b) under tree and at
meteorological station (Jun. 2019 - Dec. 2019)
(Difference = Outdoor air –Air under the tree).

(a) Site 2 (shaded)
(b) Site 4 (unshaded)
Figure 8. Average water content of 10 bricks located at Site 2 and Site 4.

Figure 7. Measured surface
temperatures on shaded and
unshaded surfaces
(Jun. 2019 - Dec. 2019).

Figure 9. Schematic diagram of
calculation model at Site 2.

3.2 Validation of Proposed Model (Comparison between measured and calculated results)
Figure 9 shows schematic diagram of a two-dimensional ‘City Wall–plant’ model. It is set up
in FORTRAN language to simulate the Site 2. The tree is evergreen with a height of 7.5m and
a distance of 3.5m to the city wall (Figure 9). The weather data (Jan. 2018 to Dec. 2018) was
repeatedly used for 10- years calculation as the boundary condition. Then the calculation was
conducted with meteorological data in 2019 for one year, and the calculated results were
analysed.
Figure 10 shows the measured and simulated surface temperatures at three points H1.2, H3.9,
and H5.4 on the south facade at Site 2. A linear regression analysis was performed with the
measured and simulated results, and a good correlation was obtained with slopes 1.00, 0.98,
and 0.97 and goodness-of-fit 0.99, 0.98, and 0.96 at H1.2, H3.9, and H5.4, respectively. Figure 11
shows the measured and simulated water content at three heights (H0.15, H1.2, and H2.1). The
calculated water content reproduced the time profile of the measured results. The water content
assumed a peak value during rainfall, then gradually decreased probably due to evaporation and
water movement in the wall. The mean absolute error (MAE) was used to analyse the
consistency of measured and simulated values. The MAE at three heights H0.15, H1.2, and H2.1
was 0.029m³/m³, 0.036m³/m³, 0.035m³/m³, respectively.
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It can be concluded that the simulated temperatures and water content agreed well with the
measured results in unshaded case. Thus, the proposed ‘City Wall–plant’ model can be used to
examine the influence of the surrounding trees on the hygrothermal fluctuations and weathering
of City Wall.

(a) H1.2
(b)H3.9
(c)H5.4
Figure 10. Comparison of the measured and simulated surface temperatures at three heights.

(a) H0.15
(b) H1.2
(c) H2.1
Figure 11. Comparison of measured and simulated water content at three heights.

4 Conclusion
This study investigated the influence of trees on hygrothermal performance of Nanjing City
Wall. The measured results showed that the air temperature under the canopy was lower than
the outdoor air. The temperature fluctuation at shaded surface was smaller than the unshaded
one, and the maximum temperature in shaded case was 6.1 ℃ lower than the unshaded in
summer. The measured water content decreased with height.
The proposed ‘City Wall–plant’ model was validated through the comparison between
measured and calculated results. Then the model can be used to analyse the trees’ impact on the
microclimate and surface weathering of Nanjing City Wall.
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Appendix A. Nomenclature
!! the gas constant of water (!! = !/%!)
&#
R the universal gas constant [Pa·m 3/kmol·K]
'$
'$ %
%! molar weight of water [kg/kmol]
h the relative humidity.
!
!′
-& water density [kg/m3]
. the volumetric water content [m3/m3]
/n unit vector in the direction of gravity
/(′
2
0 heat flux [W/m ]
1
2 total (liquid and vapor) water flux [kg/(m2⋅s)]
T temperature [K]
3
4 vapor pressure [Pa]
5ℎ
4*(+ saturation vapor pressure [Pa]
6
7 water chemical potential [J/kg]
;ℎ
S
transmission coefficient of solar radiation by canopy
< [-]
r
<′ transmittance of plants to rainwater [-]
>
?,
A absorption coefficient of solar radiation [-]
@ longwave emissivity [-]
?+
A heat transfer coefficient [W/(m2⋅K)]

nocturnal radiation [W/m2]
precipitation [kg/(m2s)]
the rainfall to ground [kg/m2s]
thermal resistance [(m2K)/W]
moisture resistance [(m2·K·Pa) / kg]
specific heat capacity [J/(m3K)]
moisture capacity of the air [kg/(m3Pa)]
volume [m3]
density [kg/m3]
evaporation efficiency of vegetation [-]
coefficient of volume movement [-]
wind speed [m/s]
specific humidity [kg/kg]
area[m2]
heat of phase change of water [J/kg]
gravitational acceleration [=9.8m/s2]
rainfall trapped by trees [kg/(m2s)]
evapotranspiration of plants [kg/m2s]

371

Changchang Xia, Zhenyi Kong and Shuichi Hokoi

𝛼�

water vapor transfer coefficient [kg/m2sPa]

𝛼��

𝛼 ��
𝜆

𝜆��

𝜆��

𝜆���
�
𝜆��

𝐼𝐼�

water vapor transfer coefficient under the gradient of
water chemical potential [kg/m2·s·(J/kg)]
water vapor transfer coefficient under the gradient of
temperature [kg/m2·s·K]
thermal conductivity [W/m⋅K]
water (liquid and vapor) conductivity under the
gradient of water chemical potential [kg/m· s·(J/kg)]
water (liquid and vapor) conductivity under the
gradient of temperature [kg/m· s· K]
Water vapor conductivity of the solid material
under the gradient of temperature [kg/(m ⋅ s ⋅ K)]
Water vapor conductivity under the gradient of
water chemical potential [kg/(m ⋅ s ⋅ (J/kg))]
solar radiation [W/m2]

evaporation from material (wall or ground)
surface [kg/m2s]
Subscripts
a
air
o
outdoor
s
surface
c
canopy
as
air space
m
material (wall or ground)
sol solar radiation
noc nocturnal radiation
lat latent heat
ex
air exchange
oc the outdoor air -canopy surface
ca the canopy-air space surface
the air space-material (wall or ground)
am
surface
𝐸𝐸�

Appendix B. Plant model
The plant model was based on the plant model by Kondou (1996). The equations of heat and moisture balance
in plant model are as follows.
1. Heat balance of the canopy cell：
(cρ)a ⋅Vc ⋅

∂T
∂t

={ (

(To -Tc )

1⁄αoc +Rc )

+qsol,c -qnoc,c -qlat,c -αca ·(Tc -Tas )}⋅S+qⅇx, c

(B.1)

Where, 𝑞���,� is the solar radiation absorbed by trees(= 𝐼𝐼� · (1 − 𝛾) · 𝐴𝐴� ) [W/m2]; 𝑞���,� is latent heat of
evapotranspiration (= 𝑟 · (𝐸𝐸� +𝐸𝐸� )) [W/m2] ; 𝑞���,� is the nocturnal radiation of trees (= ε� · 𝐼𝐼� ) [W/m2].
2. Heat balance of the air space under the canopy:
3.

m1

∂T

(cρ)a ⋅Vas ⋅ ∂t =αca ∙(Tc -Tas )⋅S- �1 αam ⋅�Tas -Tm,i �⋅Si +qⅇx, as

Heat balance of the cell at material surface:

αam (Tas -Tm )+qsol,m -qlat,m - qnoc,m =-�λ+rλ'Tg �

∂T
∂x

-rλ'μg

∂μ
∂x

(B.2)

(B.3)

Where, 𝑞���,� is the solar radiation absorbed by material (wall or ground) surface (= 𝐼𝐼� · 𝛾 · 𝐴𝐴� ) [W/m ]; 𝑞���,� is
latent heat of evaporation from material (wall or ground) surface (= r · 𝐸𝐸� ) [W/m2]; 𝑞���,� is nocturnal radiation
of material (wall or ground) surface (= ε� · 𝐼𝐼� ) [W/m2].
4. Moisture balance of the canopy cell:
5.
6.

𝐶𝐶�� ⋅ 𝑉�

��
��

={

(�� ��� )

� �� � �
��⁄���
�

(B.4)

Moisture balance of the air space under the canopy:
𝐶𝐶�� ⋅ 𝑉��

��
��

��

= �� 𝐸𝐸�,� ⋅ 𝑆� + 𝑗��,��

(B.5)

Moisture balance of the cell at material surface：
Where,

∂μ

∂T

∂x
∂Sh

∂x

γ' ·Pr -Em =-λ'μ · � -g� -λ'T

𝐸𝐸� =
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�
+ 𝐸𝐸� + 𝐸𝐸� − 𝛼��
∙ (𝑝� − 𝑝�� )} ∙ 𝑆 + 𝑗��,�

2

Et =ρβCh U· �

𝛼�� (𝜇�

∂P

� ·�psat (Tc )-po �
' )·P

EP =(1-γ r
− 𝜇�� ) + 𝛼 �� (𝑇� − 𝑇�� )

(B.6)
(B.7)
(B.8)
(B.9)
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Abstract. Numerical results are compared to experimental data on concretes exposed in field conditions
for 19 years and subjected to wetting/drying cycles in seawater after a couple of curing days. They were
obtained thanks to a hydration model assuming fully hydrated concretes (19 years of curing time) and
a reactive transport model in saturated conditions taking into account precipitation/dissolution of minerals and their kinetics and adsorption of ionic species on C-S-H. Numerical results show surprisingly
rather good results, especially for concretes with fly ash. For OPC, although model considers average
bulk porosity modifications, the experimental apparent diffusion coefficient increases much more. For
concretes with silica fume, numerical results also show underestimations of total chloride content also
experimental apparent diffusion coefficients are constant. Analysis of hydration calculations show that
concretes are not fully hydrated after 19 years. Additional chloride content from reactions between
anhydrous phases and chloride ingress may appear.
Keywords: Concrete, Chloride Binding, Seawater, Long-Term Exposure, Field Condition.

1 Introduction
Numerical study of reinforced concrete durability exposed to seawater in field conditions is
difficult in several aspects. Environmental conditions can play a significant role in the chloride
ingress (temperature, RH, wetting-drying cycles, orientation, wind). Curing time is also important because of possible interactions between concrete and seawater as well as initial presence of chloride in mixing water (Suryavanshi and Swamy, 1996; Caré, 2008 to cite a few).
Previously reactive transport model taking into account precipitation and dissolution of mineral
species with their kinetics as well as adsorption of ionic species on C-S-H were successfully
used in order to simulate chloride ingress in laboratory concrete specimens (fully hydrated,
controlled exposure conditions, saturated conditions) (Tran et al., 2018). However, in field conditions, concrete is not fully hydrated when they are exposed to seawater. Influence of hydration
degree on chloride binding capacity of concrete is interesting.
Numerical simulations were done and compared to experimental data on concretes exposed
in field conditions for 19 years and subjected to wet- ting/drying cycles in seawater after a
couple of curing days. A hydration model following by a reactive transport model taking into
account precipita- tion/dissolution of mineral species with their kinetics as well as adsorption
of ionic species on C-S-H were used. Regarding all the phenomena to take into account, severe
hypotheses were done such as saturated materials and 19 curing years. The aim of this study is
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to identify if such a severe hypothesis is sufficient in order to give a good approximation of
chloride ingress.

2 Experimental Study and Numerical Approach
2.1 Experimental Study
Several concretes from the French project BHP2000 are exposed to sea- water and wettingdrying cycles in La Rochelle harbor (western French coast) since 19 years after 1 curing day
(Baroghel-Bouny et al., 2013). 4 HPCs with or without silica fume (SF) and 3 normalstrength FA concretes which can appear as interesting mixtures with respect to current
sustainable-de- velopment considerations were studied. All concretes described in this article
were casted with the same cement (CEM I 52.5 PM ES CP2, see Table 1). Concrete mixdesign are described in Table 2.
Table 1. Chemical and mineralogical composition of the binder (%).
CEMI
Fly Ash
Silica Fume

SiO2
21.39
55.86
94.75

Al2O3
3.49
25.40
0.07

Fe2O3
4.16
6.05
0.08

CaO
65.12
1.83
0.34

MgO
0.82
0.63
0.28

SO3
2.86
0.11
0.05

K2O
0.30
4.77
0.28

Na2O
0.12
0.24
0.18

Table 2. Mix-design, along with average 28 days cylinder compressive strength and 90 days porosity accessible
to water (measured after water curing).
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Concrete
M25FA

Gravel/sand
992/905

Cement
195

FA
48

SF
-

Water
187

W/binder
0.77

σc
23.5

Porosity
0.157

M30FA

986/879

223

95

-

166

0.52

48.5

0.141

M50FA

956/809

325

79

-

181

0.45

53.0

0.150

M50

937/806

410

-

-

197

0.48

55.5

0.145

M75

1025/808

461

-

-

146

0.32

75.0

0.114

M75SF

1044/877

360

-

22

136

0.36

85.5

0.100

M100SF

1049/871

377

-

38

124

0.30

109.0

0.084
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3.2 Numerical Approach
A physically and chemically based model was developed to simulate ionic ingress in the materials. Calculations are managed with TOUGHREACT software (Xu et al., 2012). The chemical
part uses the thermodynamical database Cemdata18 (Lothenbach et al., 2019). Hydration and
interstitial solution calculations precede this reactive transport simulation (see Figure 1 for the
description of the simulation steps). Input data are limited to chemical and mineralogical composition of the binder, concrete mix-design, average bulk porosity and effective diffusion coefficient of concrete.

Figure 1. Flow chart of the reactive transport model.

The reactive transport model considers precipitation and dissolution of mineral species and
their kinetics and adsorption of several ionic species on C-S-H (Cl−, Na+, K+, Ca2+, SO42−). It
has been validated on different experimental data such as laboratory concretes exposed to different solutions containing chloride (Tran et al., 2018). Nevertheless, ingress of seawater in
concrete exposed to field conditions after only few curing days is a difficult subject. In the case
studied here, hydration was not complete when concretes were exposed to seawater leading to
interactions between ionic species contained in seawater and anhydrous phases.
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Although concretes are exposed to wetting-drying cycles, the present numerical model assumes that concrete is saturated by adopting a pure fickian approach (see Equation below). In
fact, the wetting-drying cycle period is short (12 hours) and the mean value of the relative humidity in La Rochelle harbor is high (close to 67% (Baroghel-Bouny et al., 2013)). Except for
the first millimeters where carbonation can occur, this hypothesis seems to be reasonable (Soive
et al., 2018).
(1)

where φ is the average bulk porosity, cj the concentration of species j [mol.m−3 of solution],
De the effective diffusion coefficient [m2.s−1] (supposed to be equal for all species) and qj source
or sink term [mol.m−3.s−1]. Ions can chemically react with the matrix to precipitate minerals
(e.g. ettringite, brucite, Kuzel and Friedel’s salts) or to dissolve others (portlandite, monosulfate). They also can be bound (adsorbed or absorbed) to the surface of the matrix. As described
in previous studies (Baroghel-Bouny et al., 2013; Soive et al., 2018), all mineral precipitation/dissolution kinetics also need to be taken into account. In addition, the effective diffusion
coefficient De can evolve with average bulk porosity value change as follows:
𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 = 𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝐷𝐷𝐷𝐷𝑤𝑤𝑤𝑤

(2)

where τ and Dw are the tortuosity and the diffusion coefficient of ionic species in water.

A 1D diffusion model is adopted. 250 elements are used to simulate ionic species ingress in
10cm structural depth. By sake of simplicity and to avoid complex calculations of ionic species
ingress during hydration, hydration duration is supposed to be equal to the greater exposition
duration (19 years). Of course, this is a very first approximation owing to the competition between hydration and seawater ingress at first time exposure. Chemical reactions between seawater and anhydrous species are not considered.

4 Results and Discussion
Total chloride content profiles were measured after 2, 4, 10, 16 and 19 years of exposure. Comparison between experimental data and numerical results with 19 curing years is exposed in
Figure 2. Knowing the limited number of input data and the difficulty to catch all the phenomena, the numerical simulations show hopeful results.
Three aspects can be underlined: the “convection zone”, the evolution of apparent diffusion
coefficient as a function of time and possible chemical reactions between chloride and anhydrous phases.
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Figure 2. Comparison between experimental data and numerical results for total chloride profiles for 2,
4, 10, 16 and 20 years of exposure (19 curing years).

4.1 The « Convection Zone »
For concretes with fly ash (M25FA, M30FA, M50FA), results are rather good except in the first
millimeters and although numerical model does not consider wetting/drying cycles. The depth
at which total chloride content is maximum is to underline. This zone is often associated with
the “convection zone”. Nevertheless, even with a model that simulate the ingress of ionic species in saturated concrete such as the present one, this phenomenon is observed. As reported by
Jakobsen et al. (2016), chemical and mineral zonation appear. Three zones (magnesium, sulfur
and chloride-rich zones) are found irrespective of the age, location or binder composition. Figure 3 show that the model can qualitatively simulate these zones. However, in this “convection
zone”, results are very different from experimental data. The use of a model considering wetting-drying cycles is necessary in order to catch phenomena in this zone (convection, local
chloride concentration increase).
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Figure 3. Ionic species ingress after 2, 4, 10, 16 and 20 years of exposure for M25FA (19 curing years)

4.2 The Evolution of Apparent Diffusion Coefficient with Time
For OPC (M50, M75), whereas profiles are close to experimental data after 2-year exposure,
total chloride contents are underestimated for greater exposure durations. These differences can
be partly explained by the fact that apparent diffusion coefficient (which includes both effective
diffusion and binding) for M50 and M75 increases with time (by inverse analysis calculations
on experimental data) from 1.6 10−13 to 2 10−13 m2.s−1 and 3.6 10−13 to 1.6 10−12 m2.s−1, respectively (see Figure 4). The present model considers microstructure evolution (average bulk porosity) due to mineral dissolution or precipitation (see Equation 2). It is also able to compute
the evolution of chloride binding. However, the apparent coefficient increase is much greater
than the one computed. Deeper experimental data investigations must be done in order to determine if other phenomena that are not modeled can appear, such as cracks, properties differences between concrete first millimeters and deeper.

Figure 4. Apparent diffusion coefficient calculations by inverse analysis.
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4.3 Possible Chemical Reactions between Chloride and Anhydrous Phases
For concretes with silica fume (M75SF, M100SF), underestimations ap- pear after 2-year exposure. Nevertheless, as can be seen in Figure 4 and contrary to M50 and M75, the apparent
diffusion coefficients are constant. By analyzing hydration results of M75SF thanks to a hydration model developed at Cerema (Lavergne et al., 2018) (see Figure 5), results show that anhydrous phases are still present after 19 curing years (6500 days) as well as a lack of monosulfate.
These results confirm that hydration is slower for these concretes. However, presence of seawater can affect the hydration process by accelerating hydration or precipitating minerals containing chloride (Friedel’s salt) (Li et al., 2018). Unfortunately, the present model is not able to
calculate chloride ingress in concretes that continue to hydrate.

Figure 5. Hydration results after 1, 3, 10, 300 and 6500 curing days.

5 Conclusion
Experimental data on concretes exposed to tidal zone in field conditions for 19 years and subjected to wetting-drying cycles in seawater after a couple of curing days were compared to
numerical results. Two OPCs, three concretes with fly ash and two concretes with silica fume
with the same cement were studied. The numerical results were obtained thanks to a hydration
model and a reactive transport model considering precipitation/dissolution of minerals and their
kinetics and adsorption of ionic species on C-S-H.
A pure fickian approach in saturated materials is assumed. In addition, due to difficulties to
model interactions between ingress of ionic species and hydration, numerical model assumes
that hydration lasts for 19 years (last measurement value).
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Knowing the limited number of input data and the difficulty to catch all the phenomena, the
numerical simulations show hopeful results, especially for concrete with fly ash. In addition,
the model can qualitatively simulate chemical and mineral zonation (magnesium, sulfur and
chloride-rich zones) as reported in the literature. For OPC and concretes with silica fume, numerical results underestimate chloride content. For OPC, although numerical model considers
porosity change due to mineral precipitation/dissolution, it is not able to simulate increase of
apparent diffusion coefficient as observed on experimental data. Further investigations must be
done in order to observe if cracks are visible. For concretes with silica fume, underestimation
cannot be fully explained yet. One explanation can be the lack of additional chloride content
coming from reactions between chloride and remaining anhydrous phases. Indeed, by analyzing
results of hydration calculations, results show that anhydrous phases are still present even after
19 years and that additional chloride content can exist.
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Abstract.In the article, a comparative analysis of the effects of selected substances applied to create

secondary horizontal damp proof courses of masonry walls by means of the chemical injection method
on the properties of masonry mortar was carried out. Particular attention was given to the influence of
impregnation on the hygric properties of mortar. The resistance to destructive factors accompanying
the dampening of masonry wall structures was also subjected to observation.

Keywords: Injection, Damp Proof Course, Renovation, Dampening.

1 Introduction
The problem of the excessive moisture content of brick walls in historical objects is present in
many European countries because of their rich cultural heritage and dense accumulation of historical buildings (Hoła, 2017).The masonry walls of historical buildings - made of ceramic brick
or stone - are often characterized by a high thickness and a lack of damp insulations. It refers
primarily to horizontal insulations, which began to be executed in a modern way at the beginning of the twentieth century. The lack of damp insulations causes direct and prolonged contact
of a wall with the ground (Adamowski, in., 2005; Franzoni 2014). As a result, water molecules
that are contained in the substrate along with salts dissolved in them penetrate elements of the
masonry wall making it damp. These elements are both ceramic brick and mortar from joints,
and in walls made of stone these joints are usually of a large width. Capillarity, the process of
which was described inter alia in (Camino et al. 2014; Raimondo et al. 2009, Hoła et al. 2017),
causes water molecules to be transported into the wall and into its higher parts. In the case of a
masonry wall with a large thickness, from which evaporation of moisture is naturally difficult,
the degree of moisture content gradually increases with time (Goetzke-Pala et al. 2016;
Gutarowska et al. 2007).
Groundwater together with the salts contained in it rises due to capillary action to ever higher
parts of the walls made of capillary-porous materials, such as burnt clay brick, brickwork joint
mortar and plaster. Also the concentration of salts in the brickwork and plaster components
increases by the year (Rirsch et al. 2010; Torres et al. 2010; Espinosa;i in.,2008). The negative
effects of the excessive build-up of moisture in the wall include: a decrease in brickwork
strength, susceptibility to frost damage, falling off plaster, spalling mortar in the joints between
bricks, an increase in the heat transfer coefficient of the building envelope and susceptibility to
fungal decay and mouldiness(Franzoni et al. 2011; Gentillini et al. 2012 Solymez,1999;
Blaszczynski, 2007).
The dampening of walls as a result of the capillary transport of water is one of the main

doi:10.23967/dbmc.2020.218

381

Tomasz Błaszczyński, Barbara Ksit and Bartłomiej Monczyński

reasons behind damage in buildings, whereas the drying out of a wall by carrying out a secondary horizontal damp proof course in the wall is the most important element of renovation
(Venzmer, 2008). One of the means of recreating horizontal insulation in a wall are injection
(chemical) methods. Although the injection membrane, by assumption, is formed in the entire
cross-section of the wall, in practice, the injection agent migrates mainly in the masonry mortar
(Hölzen, 2006), especially in cases when injection openings are created (when using pressure
injection as well as when applying injection creams) horizontally, in the supporting joint of the
masonry wall.

2 Capillary Transport of Moisture in Mineral Construction Materials
The vast majority of materials applied in the inside walls of buildings are those described as
capillary-porous, and thus characterized by a porous structure, with the pores connected with
each other by a system of capillaries or partially separated by walls. The properties of capillaryporous bodies depend largely on the total volume of pores, the volume distribution of pores
depending on their diameter (porosity structure), as well as the specific surface area of the pores.
Although various criteria can be found in literature as far as the division of pores occurring in
a material is concerned, the division given by the International Union of Pure and Applied
Chemistry (UPEC) has been generally accepted, which, depending on the so-called effective
pore radius (assuming for the sake of simplification their spherical shape) ref, distinguishes
three groups:
- micropores: ref£ 2 nm,
- mezopores: 2 nm < ref£ 50 nm,
- macropores: ref> 50 nm.
It ought to be noticed, however, that capillary absorption and the transport of water is possible only in pores with a radius from 10-7 to 10-4 m (from 100 nm to 0.1 mm), also referred to
as capillary pores. Pores with a diameter of less than 10-7 m, (gel pores), can fill up with water
only as a result of capillary condensation, whereas pores greater than 10-4 m (air pores) can fill
up with water only under pressure.
In addition to the structure and distribution of pores in a material, capillary transport of moisture is determined by the wetting properties of a liquid in relation to the material, or in other
words – by the properties of the material in relation to water penetrating into the capillaries
(Bonk, 2006; Balak, 2007). As a result of the surface tension forces of water, the surface of a
liquid, upon contact with a solid body, creates the so-called contact angle, or the angle between
the surface of the solid body and that contacting the surface of the liquid drawn at the point of
contact (on the border of three phases). The value of angle θ is a measure of wettability:
- 0 < θ < π/2 – liquid wets, hydrophilic material
- π/2 < θ < π – liquid does not wet, hydrophobic material.
In the capillaries of a body characterized by good wettability, the surface of the liquid forms
a concave meniscus (slightly rises when making contact with a solid body ), whereas in the case
of bodies with inadequate wettability – the meniscus is convex (falls).
It is very difficult to construct a model describing the capillary transport of moisture in porous materials, mainly due to the complex geometry of pores – seeing as how the network is
formed from pores of various shapes (cylindrical, wedge-shaped, crevicular, spherical) as well
as a diverse system of connections (open pores, pocket pores, closed pores). Capillaries also
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create discontinuous systems, as well as systems of complex shapes.
Attempts at investigating the mechanism of the capillary movement of moisture are described by Pogorzelski (Pogorzelski, 2004), using a simplified model of a capillary body in the
form of a bundle of parallel capillaries of an identical radius for this purpose. In accordance
with the Young-Laplace equation, a difference in the pressures Δp will occur on both sides of
the meniscus causing a rise of liquid in the capillary, up to the differences in the pressure
evening out by the forces of inertia, friction (resulting from the Hagen-Poiseuille Law) as well
as gravitational force. Basing on these assumptions, formulas for the rate of capillary movement
(at vertical movement) were indicated:

u=

dl r 2 æ 2s cos Q
ö
=
- grl ÷
ç
dt 8hl è
r
ø

As well as maximum capillary rise (determined by Washburn’s equation):
2s cos Q
H = lmax =
rrg

(1)

(2)

where:l – length of capillary, τ – time of rise, r – capillary radius, η – dynamic density of
liquid, σ – surface tension, Θ – contact angle, g – Earth’s pressure, ρ – liquid viscosity.
Formulas (1) and (2) express two basic laws describing the capillary absorption of water.
The first states that the rate of the capillary rise is higher in materials with “thick” capillaries
than those with thin capillaries. In materials with thin capillaries, the level of rise is significantly
higher. At a very small or very large radius of a capillary, the rates as well as the maximum
level of rise are reduced to zero (in other words, capillary transport does not take place). In
reality, although capillary-porous materials have a significantly more complex structure than
that described by the model of a bundle of identical parallel capillaries (Pogorzelski,2004), in
the case of capillaries with a radius of less than 0.1 μm, the rate of absorption vanishes, whereas
in the case of capillaries with a radius exceeding 100 μm, the maximum possible rise falls to
zero.

3 Materials and Methods
A cement-lime mortar with a volumetric composition of 2:0, 5:8 (hydrated lime: CEM I 32.5
Portland cement: sand with a granulation of 0-2 mm). The fresh mortar was placed in a mould
made from PVC pipes 200 mm in diameter, cut in 300 mm sections. After the initial hardening
of the mortar, that is two days after preparing the moulds, the samples were placed in polyethylene bags for another five days. After a period necessary for the mortar to reach full strength,
it was subjected to dampening, placing the moulds in a tray with water (on a grate) so that the
samples were constantly submerged in approximately 10 mm. After two days, the moulds were
taken out of the water, wrapped in foil and left for two weeks in order to ensure even distribution
of moisture in the mortar (Monczynski, 2019) (Figure 1).
Holes were made in the samples and gravitational injection, using an injection cream, and
pressure injection (under a pressure of 0.2 MPa increased after 30 s to 0.5 MPa) using methyl
silicates as well as silicone microemulsion (SMK), carried out. After a further four weeks, the
mortar was taken out of its moulds and cut using a circular saw into cubic samples with sides
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measuring approx. 45 mm.

Figure 1. Mortar samples during moulding, dampening and carrying out injections.

4 Results
Studies on absorbability were carried out on twenty-four cubic samples which, after drying at
a temperature of 105±5°C and weighing, were placed in a tub, on a grate, and then submerged
in water to approximately a quarter of their height (Wójcik, 2008). After 24 hours, that is after
the completion of sample dampening as a result of capillary rise the samples were submerged
to half their height and, following another 3 hours, to three-quarters of their height. The complete submersion of samples (minimum of 20 mm above the upper edge of the samples) took
place 30 h after the commencement of the experiment. After complete impregnation, the samples were removed from water, dried with a rag and weighed (WTA, 2015). Absorbability in
relation to the dry mass of the mortar was described according to the formula:
n! =

!! "!"

∙ 100%

(3)

m# =

!# "!"

∙ 100%

(4)

!

(5)

!"

where: nm – absorbability in relation to mortar mass [%], mm – mass of sample saturated
with water [g], ms – mass of sample dried to a constant mass [g].
Studies on the phenomenon of capillary rise carried out on twenty-four cubic samples of a
mortar dried to a constant mass, which, upon weighing, were placed on a grate in a flat tray
which was then filled with water so that they would be submerged in water at a depth of approx.
10 mm. The measurement of capillary rise was carried out 1, 3, 6 and 24 h after submersion,
weighing the samples (after first drying them with a rag). The increase in the mass of samples
during individual measurements was calculated according to the formula:
!"

where: mi – increase in sample mass [%], mc – mass of sample dampened by capillary rise
of water, after 1, 3, 6 and 24 h respectively [g], ms – mass of dried sample [g].
The water absorption coefficient was indicated according to the expression:
w$% =

&∙√)

where: w24 – water absorption coefficient after 24 hours following submersion [kg/m2·h0,5],
m – mass of absorbed water [kg], A- absorption surface [m2],t – absorption time [h].
The results of studies on absorbability and capillary rise have been presented in Table 1.The
compression test was carried out in an Instron 8500 Plus testing machine. Forty cubic samples
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were used for the tests. The applied load was controlled by a force of 50 N/s – this value was
selected so that the compression test of an individual sample would fell in the range of 30 to
90s. Due to the irregular shape of the samples, they underwent evening/smoothing with 220 grit
sanding mesh (Gutarowska et al. 2004). Determining the resistance to frost is carried out by
determining the mass loss caused by periodic freezing and thawing. Twenty-four samples were
prepared for the test.
The samples were marked as follows:

-

MKA – mortar impregnated with alkaline methyl silicate, ,
SMK – mortar impregnated with silicone microemulsion,
KI – mortar impregnated with injection cream,
0 – mortar lacking impregnation (controls).
Table 1. Results of studies on capillary rise and absorbability.
0
MKA
SMK
KI

m1

m3

m6

m24

w24

nm

11.7%
12.0%
11.5%
7.8%

11.8%
12.1%
11.7%
8.0%

11.8%
12.2%
11.7%
8.1%

11.9%
12.3%
11.9%
8.4%

1.89
1.93
1.87
1.35

11.8%
12.0%
12.0%
10.2%

The compressive load (including breaking load), as well as movement under compression,
were measured. The average compressive strength is presented in Figure 2.

Figure 2. Average loss (percent) in mortar mass after
freeze/thaw cycles.

Figure 3. Mortar samples after 25 freeze/thaw cycles.

All were dried to a constant mass and next weighed. Next, the samples were submerged in
water in order to completely dampen them. The saturated samples were removed from the water
and placed for 4 h in a freezer, at a temperature of −20±2°C.Upon freezing, they were transferred to a tub with water at a temperature of 20±2°C for at least 4 h. Twenty-five freeze–thaw
cycles were carried out, and next the sample was dried to a constant mass and weighed once
again. The freeze-thaw resistance was indicated based on the formula:
∆m =

m$ − m%
∙ 100%
m$

(5)

where:Δm – the difference in the mass of the sample prior to testing and after testing [%],
md– the mass of the sample dried to a constant mass prior to the first cycle [g], mf – mass of
sample dried to a constant mass following the last cycle [g].
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Average losses in mass expressed as percentages are presented in Figure 2. Figure 3 shows
the appearance of the samples upon the completion of the test. Testing the resistance to the
crystallization of salts was carried out on twenty-four cubic samples which, after drying and
weighing, were placed for 2 h in 14% solution of sodium sulphatedecahydrate (Na2SO4·10
H2O). Next, the samples were dried at a temperature of 105 ±5°C for a minimum of 16 h. In
order to ensure high air humidity at the first stage of drying, a tray containing water was placed
in the dryer prior to its initiation. After completion of the drying process, the samples were
cooled for approx. 2 h to room temperature and once again submerged in a saline solution.

Figure 4. Average percentage loss of mass after testing
the resistance to the crystallization of salts.

Figure 5. Mortar samples after 15 cycles of testing resistance to salinification.

Upon carrying out 15 such cycles, the samples were stored in water at room temperature for
24 h and next dried to a constant mass and weighed. The resistance to the crystallization of salts
was indicated analogously to freeze-thaw resistance. Figure 4 shows the average percentage
loss in mass, whereas Figure 5 presents the appearance of the samples after testing.

5 Conclusions
Impregnation of mortar was carried out with dampness resulting from close to maximal capillary rise of water. The results of studies on the capillary rise of water and total absorbability
confirm that a high level of dampness makes it difficult or even impossible to apply agents
based on alkaline methyl silicates and silicone micro emulsion. Injection creams, on the other
hand, work very well in such cases (an over 13% reduction in total absorbability and nearly
29% decrease the capillary absorption coefficient were observed). All analyzed injection agents
had a beneficial effect on the compressive strength as well as resistance to the harmful effects
of construction salts. Alkaline Methyl silicates caused an increase in freeze-thaw resistance of
the mortar. Due to the fact that the mortar subjected to the effects of agents based solely on
hydrophobisation (silicone microemulsion and injection creams) caused a decrease in resistance
to freezing and thawing, these substances should not be applied if there is no possibility to dry
the wall before winter and it is not protected against freezing.
The results of the carried out studies also confirm that chemical injection treatment of the
wall should not be carried out without accounting for specific conditions, such as the level of
dampness, the location of the wall, conditions of the surroundings, etc. It should also be kept in
mind that walls are conglomerates comprising materials characterized by various technical parameters.
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Abstract. The road construction sector is a specific part of the construction industry. It happens very
rarely that a section of a road is financed also by a private entity. The other factor distinguishing it – is
a significant value of road construction contracts. The Client’s estimates of the value of the prospective
contracts have to be based on the market prices in case of public procurement. However, this market is
dominated by public orders. There is no comparison to the value of works ordered on the private part
of the construction market, which is found more efficient by economists. Widely applied the “design and
build” type of orders make the comparisons of the unit prices more difficult. The huge differences
between the Client’s estimates and the winning prices in the road construction public tender procedures
are the bases of speculations about the fairness of the procedures. These differences can have a varied
origin. There are several reasons for them e.g. varied contractor’s risk, the size of the structure, type of
order, the dynamics of the road construction market. Nevertheless, fraudulent practices can make the
winning price much higher than the Client’s estimate. The article is an attempt to finding the limit i.e.
what part of these differences can be explained by fair, market reasons. If the found limit is exceeded, it
should make the Client carefully consider the offers placed. The analysis is based on collected data
concerning almost 400 tender procedures for the sections of roads in Poland in 2014-2017.
Keywords: Bid Rigging, Collusion, Road Construction Market, Bid Price, Client’s Estimation.

1 Introduction
Exceptionally high values of the construction contracts are observed in the road construction
branch in Poland, Rynekinfrastruktury.pl (2019). Public procurements in the construction
industry are specific. The Code (2004) enforced preparing a client’s estimation of the contract
value, before the announcement of a tender to enable a client to decide which type of tender
procedure should be applied (as it is price dependent). Based on the ordinance (2004), that
estimation should be based on market prices of construction works. The same base should be
used for the “design and build” type of orders. The amount estimated by a client is announced
together with disclosing the contractors’ offers – not before. The extreme relation of the
winner’s price to the client’s estimation (exceptionally low or high) usually becomes a base for
suspicions and gossips about forbidden practices of offerors (dumping prices or collusion, bid
rigging). The process of choosing the most attractive offer may lead to refusing the offer with
exceptionally low price, not allowing – in the client’s opinion – for executing all works on the
subject, in the planned period. There is no such strong client’s right for the case of exceptionally
high prices given by all offerors. When the client’s budget is short, insufficient to finance an
unexpectedly expensive project, the tender procedure can be cancelled. This postpones the
execution of the planned project for many months. If the prosecutor’s office is informed, they
can investigate if any illegal practice has accompanied certain tender procedure, OECD (2012).
The choice of the most attractive offer (i.e. signing the contract with a contractor) with a very
high price means indirectly acceptance of the offered price level. The paper concentrates on the
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problem: how to distinguish high market offer prices in the tender for road construction works,
from unrealistic high offer prices – pointing the illegal, collusive practices among offerors.
There are two opposite trends observed on contractors’ offer prices. During economic
growth, when the demand is increasing (i.e. the number of tenders being announced by clients
increases), the contractors’ means of production are fully utilized. Any new contract requires
engaging the external forces on a much higher level. The new suppliers should be agreed to
match this increasing demand. That makes offer prices higher. Oppositely, after the period of
economic prosperity, the number of the tender procedures announced decreases. Partly, the
contractors’ means of production – after completing a contract – have no place of engagement.
To manage them efficiently, contractors search for some new contracts by lowering the offer
prices to make the chance of the win higher. The average number of contractors placing their
offers in certain procedure increases then.
As every project is unique, to compare the price level between tender procedures the
following – winner price to client’s estimation (𝑃𝑃𝑃𝑃𝑃𝑃) – ratio is defined (Anysz, 2019):
𝑃𝑃𝑃𝑃𝑃𝑃 =

𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏 𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑜𝑜𝑜𝑜𝑜𝑜
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 � 𝑠𝑠 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∗ 1,23

(1)

It is required by Polish law to give the bid price including VAT but it is required to prepare
a client’s estimation in net values (excluding value-added tax) (code, 2004; ordinance, 2004).
So, the denominator is corrected by the present Polish VAT rate for this type of construction
works.

2 Price Level in Polish Road Construction Sector (2014-2017)
2.1 Database
Tender procedures completed by the choice of contractor for building or modernizing sections
of roads are analysed. There were 388 tender procedures ended between Jun 2014 and Jul 2017
found, with winning bid price exceeding 10 million PLN. The following set of information
about them is collected:
- bid prices of all (valid) tenders,
- names of clients and offerors,
- bid prices chosen by clients as the winning ones,
- the clients’ estimated values of prospective contracts
- the dates of clients’ decisions about choosing the contractors.
It was possible to collect the complete database concerning 382 tender procedures.
2.2 Price Level – 𝑷𝑷𝑷𝑷𝑷𝑷 Distribution

The values of 𝑃𝑃𝑃𝑃𝑃𝑃 ratio are calculated. Its basic statistics are presented in Table 1.
Number of
procedures
382

390

Table 1. Basic statistics of 𝑃𝑃𝑃𝑃𝑃𝑃.

Min

Max

St. dev.

0,195

1,793

0,216

Mean
average
0,607

Median
value
0,578
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It has occurred that in more than 82 % of tender procedures 𝑃𝑃𝑃𝑃𝑃𝑃 value is over 0,4 and below
1,0. In approximately 14 % tender procedures winning bid price was very low (𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃)
and the chosen tender had the price over clients’ estimates (𝑃𝑃𝑃𝑃𝑃𝑃 𝑃 𝑃) in 4 % of analysed
procedures. The histogram of 𝑃𝑃𝑃𝑃𝑃𝑃 values is presented in Figure 1.

Figure 1. Histogram of 𝑃𝑃𝑃𝑃𝑃𝑃 values in 382 tender procedures (Anysz, 2019).

2.3 Reasons for PtE Variations

The main reason for such significant variations of 𝑃𝑃𝑃𝑃𝑃𝑃 value is the different aim of evaluations
done by a client and a contractor. A client is obliged to apply market prices of different kinds
of construction works i.e. average prices observed on the market. It is aimed to assess, which
procedure of public procurement should be applied. Secondly, a client based on that can prepare
a budget for the planned construction. A contractor calculates their bid price based on their
costs, efficiencies of their brigades, etc. It is aimed at finding the price allowing for winning the
contract, and for achieving the profit, which is necessary for a company to survive and business
development. Taking into consideration the aims of evaluation, the contractor’s bid price is
unique, precisely adjusted to the company and market conditions. A client’s evaluation is
adjusted to the market conditions and based on average prices. Another reason also making 𝑃𝑃𝑃𝑃𝑃𝑃
spectrum so wide is the fact that a client’s estimation is prepared before the announcement of
the tender procedure. The law limits the validity of such evaluation to six months. During this
period, in a dynamically changing market, even average prices can change much. The next
reason is an error of estimation. Finally – the standing of a national economy, and dynamics of
the construction market influences the bid prices. Another group of reasons for 𝑃𝑃𝑃𝑃𝑃𝑃 variations
are illegal, collusive practices which makes bid prices vary from not abused market trends.

3 Market Phenomena Influencing the Bid Prices

Polish National Statistical Office (GUS) publishes on a monthly, quarterly or yearly basis much
information collected on the market. One of the groups of published indicators is tendencies.
The group of tendencies searched for this paper is “Business tendency survey in construction current database - monthly data” (GUS, 2019). For 36 months analysed, the mean average of
𝑃𝑃𝑃𝑃𝑃𝑃 in each month was calculated. Then, Pearson’s correlations (Aczel, 1992) were checked
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with different indicators of business tendencies (month to month; without any time shift). It has
occurred that it is a quite high correlation coefficient – equals to 0,659 – between average 𝑃𝑃𝑃𝑃𝑃𝑃
and the indicator “expected prices” assessed based on opinions of companies employing over
250 employees. It is the highest correlation among indicators published by GUS concerning the
construction industry . Shifting the time of expectations one or two months haven’t produced a
higher correlation coefficient (see Figure 2).

Figure 2. Pearson’s correlation between 𝑃𝑃𝑃𝑃𝑃𝑃 and price expectation indicator with time shifts.

As prices rise during the market growth, it can be said that 𝑃𝑃𝑃𝑃𝑃𝑃 partly, positively reflects the
trends on the market. Analysis of data collected does confirm findings of the number of tenders
and their dependence on market prosperity proves that there are more tender procedures with
the higher number of offerors when the market does not develop (𝑃𝑃𝑃𝑃𝑃𝑃 𝑃 𝑃𝑃𝑃). Procedures with
more than 8 tenders almost don’t appear (except 1 case) during the market growth – high bid
prices dominate (𝑃𝑃𝑃𝑃𝑃𝑃 𝑃 𝑃𝑃𝑃). It can be observed in Figure 3.

Figure 3. Histograms of the number of tenders for the procedures with different ranges of 𝑃𝑃𝑃𝑃𝑃𝑃 (Anysz, 2019).

Moreover, the average 𝑃𝑃𝑃𝑃𝑃𝑃 calculated monthly has the strong negative Pearson’s correlation
(-0,691) with an average number of tenders in a procedure. Described above dependencies are
based on officially published (GUS, 2019) “expected prices” in the construction industry
indicator (collected opinions of companies employing 250 and more persons) and collected real
data concerning the tender procedures in the road construction sector. This is proof, that
contractors observe the market tendencies and they adjust the bid price level to the market
situation.
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4 Fair Price or Bid Rigging
4.1 Fair Prices
As described above, differences between clients’ estimation and the bid prices of the winners
are natural. Clients are obliged to use market prices which are created in the cycle presented
below – in Figure 4.

Figure 4. The mechanism of creating market prices.

As the winner of the tender procedure is chosen by a client, it can be understood, that the
chosen contractor has fulfilled all formal criteria and their offer is the best (according to the
criteria set by a client). The same refers to the price given by a winner – it creates one of the
market prices. A certain client’s estimation of a new project is based on unit market prices e.g.
of 1 m3 of an embankment, 1 m3 of a concrete structure, etc.

Figure 5. 𝑃𝑃𝑃𝑃𝑃𝑃 values. Procedures from the year 2015 start from procedure No 71,
2016 from procedure No 163. 2017 from procedure No 311 (Anysz, 2019).

However, the market unit prices are created by previous orders. So, if any tendency could
be observed on the market, the bid prices have to differ from the client’s evaluations. Collected
data allows presenting 𝑃𝑃𝑃𝑃𝑃𝑃 for all examined 382 tender procedures. They are sorted by date
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starting from July 2014 (see Figure 5).
4.2 Indicators of Collusive Practices
4.2.1

Low number of the tenders

Many sources are pointing the low number of tenders as an indicator of possible collusion
(OECD, 2012; UOKiK, 2017; Huber and Imhof, 2018). It is also consistent with common sense,
as it is much easier to keep the secret – illegal collusive agreement – among a few its participants
that among several of them.
4.2.2

Narrow range of the bid prices

Another important factor that can pay a client’s attention to the possibility of bid rigging is the
range of the prices offered. The range 𝑅𝑅 was defined (Foremny and Anysz, 2018) as:
𝑅𝑅� =

(𝑉𝑉�� � – 𝑉𝑉��� � )
∗ 100 %
𝑉𝑉�� �

where:
– the range for procedure i
– the lowest value of an offer in procedure i
– the mean average value of offers in procedure 𝑖𝑖

(2)

Ri
Vmin i
Vav i

Figure 6. Exemplary bid price levels in case of market competition and collusion

The average 𝑅𝑅 for examined 382 procedures is 13,5 %. In the case of collusion, where every
bid price is over the market level, involved offerors increase their bid prices over the market
level. However, their prices can’t be recognized irrationally high. That makes the space for their
bid prices much more narrow than in the case of market competition (see Figure 6). The range
𝑅𝑅 is low then.
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4.2.3

Other indicators

There are many more indicators (Ferwerda et al., 2017; OECD, 2013; International Competition
Network, 2010) of possible collusion, bid rigging (e.g. location distance of an offeror’s
enterprise vs location of offered services, simultaneous attendance in procedures of the same
set of offerors, frequency of interaction through trade associations, staff moving between
companies, market transparency, e.g. in bid rigging where openness makes it easier to monitor
for cheating, excess capacity and inventories, ending of a price war and/or concerted moves to
“discipline the market”, existence of joint ventures etc.). Nevertheless, they are not so obvious,
intuitive as indicators presented in the two previous sub-chapters. Moreover, they are more
dependent on the specifics of a certain branch or market sector. Then the result of a tender in
the road construction industry are announced, and the winner’s price is high, it becomes the
subject of many newspaper articles, controversies and speculations if the price is fair. These
were an inspiration to verify what level of extremely high prices (chosen by clients as the best
ones) can indicate the possibility of collusion or bid rigging.

5 Extremely High PtE as Collusion Indicator
5.1 Proposed model
It is, hereby, proposed to observe extreme deviation of 𝑃𝑃𝑃𝑃𝑃𝑃 from its average value – especially
in a case where – in a certain procedure – 𝑃𝑃𝑃𝑃𝑃𝑃 is extremally high. As it was described above
(i.e. in chapter 3), the state of the market influences the bid prices level. Thus, referring 𝑃𝑃𝑃𝑃𝑃𝑃 to
its average based on a long time is irrelevant. The simple moving average (SMA) (Gençay and
Stengos, 1998; Elder, 1992) is presented in Figure 7 (yellow line) based on the following
formula:
𝑆𝑆𝑆𝑆𝑆𝑆(𝑃𝑃𝑃𝑃𝑃𝑃) =

∑���� 𝑃𝑃𝑃𝑃𝑃𝑃�
𝑛𝑛

(3)

where:
𝑃𝑃𝑃𝑃𝑃𝑃� - the value of 𝑃𝑃𝑃𝑃𝑃𝑃 in 𝑖𝑖 tender procedure (one of the procedures completed in 30
predeceasing days),
𝑛𝑛
- the number of procedures completed in 30 predeceasing days.
Within random 30 days periods (chosen from July 2014 – June 2017) the number of
completed procedures varies, so 𝑛𝑛 varies for 𝑆𝑆𝑆𝑆𝑆𝑆 calculated for different days. The 30 days
period is chosen to calculate 𝑆𝑆𝑆𝑆𝑆𝑆 according to the fact – described above, in chapter 3 – that
the highest Pearson’s correlation (PtE and “expected prices”) was achieved for 30 days period
(from 30, 60 and 90 days periods). Similarly to analysis of stock exchange prices with Bollinger
bands (Baiynd, 2011; Lento et al., 2007), the band around 𝑆𝑆𝑆𝑆𝑆𝑆 is created by upper (𝐿𝐿� ) and
lower limit (𝐿𝐿� ) defined as:
where: 𝑘𝑘

-

𝐿𝐿� = 𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑘𝑘
𝐿𝐿� = 𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑘𝑘

constant, greater than 0

(4)
(5)
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When it is assumed that if for the chosen (by a client) bid price
𝑃𝑃𝑃𝑃𝑃𝑃 𝑃 𝑃𝑃�

(6)

in a given tender procedure, that may imply collusion existence, then there is a problem of
choosing the value of the constant 𝑘𝑘. When it is set too small (close to 0), collusion can be
expected in almost every tender procedure where
𝑃𝑃𝑃𝑃𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

When 𝑘𝑘 is too high, in none of bidding procedures 𝑃𝑃𝑃𝑃𝑃𝑃 exceeds the upper limit – it means
that the market is perfectly competitive.
Let’s analyze one of the reasons, why bid prices differ from a clients’ estimations – mistakes
in contractors calculations of their bid prices. If the lowest bid price (mistakenly calculated so
low) is chosen by a client as the best one and it is below 𝑆𝑆𝑆𝑆𝑆𝑆, the mistake can be done in only
one offer. When a client chooses the bid price for which 𝑃𝑃𝑃𝑃𝑃𝑃 is high above 𝑆𝑆𝑆𝑆𝑆𝑆, and it is the
lowest bid price in a certain procedure, it means that all offerors made mistakes in their bid
price calculation (if a mistake caused exceptionally high bid price). Moreover, the reasonable
assumption can be made that the size of underpricing and overpricing made by mistakes in the
bid prices calculations are statistically the same.

Figure 7. 𝑆𝑆𝑆𝑆𝑆𝑆, symmetric 𝑆𝑆𝑆𝑆𝑆𝑆 band for 𝑘𝑘 𝑘 𝑘𝑘𝑘𝑘 with 𝑃𝑃𝑃𝑃𝑃𝑃 on the band

Making a mistake by one offeror is much more probable than by all offerors. As the mistake
of only one offeror can push the bid price to the very low level, the following value of 𝑘𝑘 can be
set:
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘� < 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

For the data collected 𝑘𝑘 𝑘 𝑘𝑘𝑘𝑘 made inequation (8) satisfied. Four lines are simultaneously
presented in Figure 7, 𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃 and its band limits for 𝑘𝑘 𝑘 𝑘𝑘𝑘𝑘.
It can be expected that the peaks of 𝑃𝑃𝑃𝑃𝑃𝑃 exceeding the upper limit haven’t been caused by
mistakes in offerors’ price calculations. The band is symmetric around 𝑆𝑆𝑆𝑆𝑆𝑆. The cases where
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all bids are mistakenly highly overpriced (the lowest bid price, chosen by a client creates 𝑃𝑃𝑃𝑃𝑃𝑃)
are very rare or even don’t exist. Therefore, the collusion can be expected in all these 𝑃𝑃𝑃𝑃𝑃𝑃
peaking tender procedures.
5.2 Verification of the Model

The best possible verification – the sentence of a court punishing collusive behaviors – is
unavailable. There are 4 tender procedures found (among the analyzed set) which were a subject
of such court procedure but all investigations dropped due to lack of collusion evidence. There
are 11 tender procedures peaking above the upper limit – constructed from SMA increased by
0,39 (see Figure 7). It is possible to check, if other indicators of possible collusion i.e. low range
of bid prices (calculated according to (2)) and the low number of offerors, confirm the possible
non-concurrent character of offerors’ behaviors in these procedures.
Table 2. Tender procedures with 𝑃𝑃𝑃𝑃𝑃𝑃 exceeding the upper limit.

PtE peaking
procedures
1
2
3
4
5
6
7
8
9
10
11

PtE

1,295
1,195
1,239
1,168
1,233
1,213
1,236
1,196
1,793
1,143
1,281

Number of
offerors
8
1
15
5
6
6
1
4
5
1
5

Range
R [%]
13,4
0,0
20,9
4,5
16,8
25,0
0,0
6,7
3,8
0,0
15,5

Possibility
of collusion
low
high
low
high
low
low
high
high
high
high
moderate

Taking into consideration the average range R for all analyzed tender procedures (equal to
13,5 %) and the average number of participants in a tender procedure (6,9), the level of
possibility of a collusion is assigned. The assessment is “high” for less than six offerors and the
range 𝑅𝑅 lower than 7 %. If there is only one offeror, there is no range of bid price values but
the range equal to 0,0 is presented in Table 2. There are 6 tender procedures where collusion
possibility is high, out of 11 tender procedures pointed by the model. There is no such an upper
limit other than 1,295 < 𝐿𝐿� < 1,793 above which, all tender procedures would have a high
level of possibility of collusion. Even for so high upper limit, there is only one tender procedure
and its level of possibility of collusion is high – procedure labeled as 9 in Table 2. Nevertheless,
as it is the only case, it can’t be named the rule.

6 Conclusions
The model built for the real database of Polish tender procedures in the road construction
industry, aimed at collusion finding, couldn’t be verified directly. The indirect verification –
through other indicators that usually accompany bid rigging, shows that comparison of 𝑃𝑃𝑃𝑃𝑃𝑃
ratio with upper limit 𝐿𝐿� (based on 𝑆𝑆𝑆𝑆𝑆𝑆) can’t be the single collusion indicator. None of the
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described bid rigging cases in the literature support the statement that in case of collusion all
indicators have to point the collusion existence. The very high bid price level, defined here as
𝑃𝑃𝑃𝑃𝑃𝑃 exceeding a single moving average of 𝑃𝑃𝑃𝑃𝑃𝑃 increased by 0,39, is a separate indicator of
unusually bid prices. One of the possible reasons can be collusion or bid rigging. It is proposed
to observe it along with other factors i.e. the number of offerors and bid price range in each
tender procedure. These three indicators are easily obtainable i.e. they don’t require any
advanced analytics (as other indicators). So, they can be applied easily by clients, who make
decisions about spending public financial resources. The road construction contract values are
one of the biggest and the type of construction works comprised by them is homogenous. The
proposed model can be applied in other branches. However, it is to remember, that the data –
the base for SMA calculation - should be collected within one branch to provide relevant
information. A client’s analysis done before the choice of a contractor may lead to successful
price negotiations and finally to lowering the price. This means higher efficiency of spending
public financial resources.
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Abstract. The article deals with the analysis of background resources for the evaluation of socioeconomic impact methodology elaboration of the territory development in the field of commercial,
service and residential properties, mixed constructions and multifunctional buildings in the first phase
of their life cycle. The research team investigated the possibilities of using the information and
procedures for the evaluation of socio-economic impacts of the territory development. Relevant data for
the evaluation was identified and analysed on the research sample of 12 major urban districts of the
city of Brno. Technical and social parameters that appeared relevant for the economic evaluation of the
surveyed location development were identified based on the available data on individual territories. The
first identification step was their description. Subsequently, suitable metrics for their evaluation were
examined. Findings about what socio-economic impacts these locations create in the field of interest
and whether these impacts are efficient in terms of their functioning represent the output of the paper.
This includes determining the overall economic efficiency of the implementation phase of their life cycle.
This output then forms base for the future research focusing on the possibility of including other
variables that shall focus on the operational phase of the life cycle and extend the assessment to a wider
timeframe.
Keywords: Territory Development, Socio-Economic Evaluation, Multicriteria Analysis.

1 Introduction
The method of assessing the economic efficiency of the territory development depends on the
extent and specifications of the technical determination of the change in the current situation.
From the development point of view, it can be a specific large-scale development project, for
which the basic project documentation has already been elaborated at the architectural study
level; furthermore, one of the stages of the project documentation can be processed for a
particular sub-project. At the level of information provided by the specific technical
documentation, it is possible to evaluate their economic efficiency with a certain amount of
experience and knowledge, e.g. using the CBA method (projects of road and highway sections,
railway corridors, waterways, specific buildings for civil or commercial purposes (Guide,
2014)). The authors of this article focus on a more general view of the territory development
and its future potential use, already at the land use plan level. At this level, no specific
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development projects are defined, however the territory is being prepared for a specific use or
combination of uses. The land use plan sets out the urban concept, the concept of landscape
arrangement and the concept of public infrastructure, it defines the built-up area, areas and
corridors and sets the conditions for the use of these areas.
The research is aimed at finding suitable criteria that can be used to assess the socioeconomic efficiency of the territories that are defined as areas or sets of areas, or parts of areas,
defined on the basis of the prevailing character. The individual areas constituting the territory
may be areas for housing, recreation, civic amenities, mixed residential, transport infrastructure,
technical infrastructure, production and storage, mixed production, public areas, green areas,
water and water management, agricultural, forest, natural, mixed undeveloped areas, mineral
extraction and specific. The research question is whether the territories formed by the
combination of the above-mentioned areas can be expressed by economic quantity that would
prove their efficiency level. The municipality, in which cadastral the territory is located has to
incur certain expenditures on preparation for its intended use. The question is whether there
may be any revenues and/or socio-economic benefits that the new territory can bring to the
municipality/society.

2 Analysis of the Current Situation
Urban sustainability is a multi-dimensional concept that includes environmental, economic,
social and political dimensions (Huang et al., 2009; Olewiler, 2006). The strategic plan towards
sustainable development is fundamentally based on knowledge of the local economic
opportunities, the local environmental conditions, and cultural and social characteristics
(Scipioni et al., 2009). Many authors describe the territory in various detail views.
Moussiopoulos (2010) develops this concept in a framework of 13 discrete thematic areas,
namely: (I) Economy–Population, (II) Land and Urban Planning, (III) Energy, (IV)
Transportation, (V) Agriculture–Livestock–Fishery, (VI) Industry, (VII) Tourism, (VIII) Air
Pollution–Climate Change, (IX) Water Resources and Sea Environment, (X) Solid Waste, (XI)
Biodiversity, (XII) Health, (XIII) Education–Research and Technology.
(Nijkamp, 1995) sets main criteria and sub-criteria following A. Functional restructuring of
the area (residential, tertiary and cultural function), B. Economic valorisation of the area
(property value of real estate, commercial value, socio-economic value), C. Common utility
(public recreational and supporting services) and D. Historic – environmental value
(conservation and restoration value, aesthetic aspect of urban assets, integration with the
historical city center).
For deciding on effective activities in the area it is sometimes necessary to quantify these
variables. Research of the authors in the first phase focused only on a part of economic and
socio-economic aspects, where it was able to define technical and socio-economic input
variables, create their aggregation and produce relevant outputs.

3 Methodology
Changing the location purpose from the current prevailing use to another entails certain costs
that the municipality has to incur in order to implement the new use of the location. These are
mainly requirements for the construction of roads and backbone networks. At the same time,
changes in the use of locations, depending on their character of the usable areas, can bring a
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certain capacity of new residents and new jobs.
In order to work effectively with the technical-economic data, the characteristics of the
locations were primarily defined. The basic attribute for their determination was the structure
of the layout of the individual areas of the location, which may be residential (r), compact (c),
empty (e), construction limited (l) or zoned (z). Average lengths of roads and backbone
networks in m/ha were determined for each structure. Furthermore, possible incremental
capacities of permanent residents and incremental capacities of new jobs were determined for
each location. These data, which create important inputs into analysis presented in this paper,
were taken from the results of the relevant scientific research oriented on evaluation of
development opportunities prepared and proposed for the land use plan.
Based on the average length of roads and backbone networks in m/ha (water, sewerage, gas,
electricity, central heating), including their average technical parameters together and their
average unit prices according to national price databases, the cost in €/ha was determined for
each location and the cost in €/m2 was derived from them. The total cost of the change in the
use of the location (Criterion K1) is the sum of the costs of the areas that the location contains.
𝑛𝑛

𝐾𝐾1 = ∑ 𝐶𝐶𝐶𝐶𝑖𝑖

(1)

𝑖𝑖=1

Where
K1… Total costs of the location in €
CA… Cost of i-th area in €
n… Number of areas in the location
Based on the incremental capacity of residents and the tax revenues of the municipality per
capita, the potential revenue of the municipality (Criterion K2) can be determined according to
the following relation:
𝐾𝐾2 = 𝐼𝐼 × 𝑅𝑅𝑇𝑇

(2)

Where
K2… Total revenue of the location in €
I…
Incremental capacity of residents
RT… Tax revenue of the municipality per capita in €/cap.
The potential social benefit (Criterion K3) was determined on the basis of the incremental
capacity of the new jobs in the location, where the unit of benefit is the socio-economic benefit
arising for the company in creating one new job.
𝐾𝐾3 = 𝐿𝐿 × 𝐵𝐵𝐽𝐽

(3)

Where
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K3… Total socio-economic benefits of the site in €
L… Incremental capacity of jobs
BJ… Benefit of the society from one created job in €/job
The output of the economic model is the determination of the overall location efficiency (E),
which is defined as the sum of the product of the location classification values in a given
criterion (K) and its weight (w).
𝑛𝑛

(4)

𝐸𝐸 = ∑ 𝐾𝐾𝑖𝑖 × 𝑤𝑤𝑖𝑖
𝑖𝑖=1

The rating scale for each criterion values are listed below. The criteria weights were expertly
chosen as follows:
Criterion K1
Criterion K2
Criterion K3

weight w1 = 0.60,
weight w2 = 0.20,
weight w3 = 0.20.

According to the fact that this is a “yield” criterion, higher value of overall efficiency E
represents higher efficiency of the territory.

4 Results
Interim research results are presented on a case study. The case study includes the evaluation
of 12 locations boroughs of the Statutory City of Brno.
4.1 Values of Input Variables
Based on the above-mentioned procedure, the costs for backbone networks were determined
for individual representatives of the location structures. The values are given in Table 1.
Table 1. Model costs of the backbone network in €/ha.

Type of
structure
r
c
e
l
z

Cost of
Water
[€/ha]
141,438
118,206
157,267
61,882
120,436

Cost ofSewerage
[€/ha]
100,836
84,273
112,120
44,118
85,863

Cost of
Gas
[€/ha]
67,140
56,112
74,653
29,375
57,170

Cost of
Electricity
[€/ha]
36,633
30,616
40,733
16,028
31,194

Cost of
Central
Heating
[€/ha]
391,744
327,397
435,583
171,396
333,575

The costs of roads by length per hectare were further divided into groups according to the
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assumed width of the road, considering the widths of 8, 12 and 24 m. The values obtained are
shown in Table 2.
Table 2. Model costs of roads in the territory according to their widths in €/ha.

Type of
structure
r
c
e
l
z

Width 8 m
[€/ha]
228,275
190,779
253,821
99,875
194,379

Width 12 m
[€/ha]
342,413
286,169
380,732
149,813
291,569

Width 24 m
[€/ha]
684,826
572,338
761,464
299,625
583,137

The value of revenue per capita used is based on the statistical data of the set municipality,
in the case of the mentioned case study - the final account of the Statutory City of Brno (SCB,
2018) in the current value of € 1,020/resident.
The average value of a socio-economic benefit arising for a society in creating one job
without considering specific job positions is assumed for the Czech Republic at the current
value of € 12,401/job (SEI, 2019).
4.2 Values of the Individual Criteria
The case study deals with 12 considered locations located in the cadastral territories of the
individual city districts of the Statutory City of Brno. The location is described in the Table 3
below.
Table 3. Values of criteria K1, K2, K3 v €/m2.

Location in
the cadastral
area

Area

Prizrenice 1
Prizrenice 2
Cernovice 1
Bosonohy 1
Reckovice
Styrice
Bosonohy 2
Komin
Bohunice
Dolni Herspice
Prizrenice 3
Cernovice 2

62.52207
58.32664
39.97897
39.72692
38.96985
38.76289
34.87699
32.67942
31.46935
30.93395
30.68411
28.72383

ha

Incremental Incremental
capacity of
capacity of
residents
jobs
2,736
3,215
458
1,407
4,033
883
28
982
3,031
90
3,612
380

3,871
4,272
4,668
874
1,959
674
2,030
573
1,966
1,807
944
3,191

K1 K2 costs revenues
€/m2
€/ m2
55.47
57.70
65.20
45.00
55.63
87.77
53.32
47.34
59.61
55.31
61.33
62.42

106.88
125.59
1.17
3.63
10.55
10.86
5.43
3.09
9.84
0.31
12.03
1.37

K3 –
benefits
€/ m2
76.80
90.82
144.80
27.27
62.34
261.56
187.89
21.76
77.46
72.46
38.16
137.77
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4.3 Description of Classification Grades to Calculate the Overall Location Efficiency
For all the above-mentioned evaluation criteria, the following tables show the methods of their
evaluation based on the classification according to the selected categorisation.
Criterion K1 – classification scale for cost value intervals per m2
In terms of their cost per m2, the assessed locations were divided into 5 classification grades (1
- least expensive, 5 - most expensive) according to the cost intervals given in the following
Table 4.
Table 4. Classification grades for the cost interval per m2 of the designed location area.

Cost interval per m2 [€/m2]
< 39.06
39.06 – 58.58
58.59 – 78.13
78.14 – 97.66
> 97.66

Descriptor
Low cost
Lower cost
Average cost
Highest cost
High cost

Classification grade
1
2
3
4
5

Criterion K2 – classification scale for revenue value intervals per m2
In terms of their revenue per m2, the assessed locations were divided into 5 classification grades
(I - highest revenue, V - lowest revenue) according to the revenue intervals given in the Table
5.
Table 5. Classification grades for the revenue interval per m2 of the designed location area.

Revenue interval per m2
[€/m2]
> 23.44
20.35 – 23.44
9.78 – 20.34
3.91 – 9.77
< 3.91

Descriptor

Classification grade

High revenue
Higher revenue
Average revenue
Lower revenue
Low revenue

I
II
III
IV
V

Note: For the calculation of the overall efficiency for this yield criterion, the classification grade “I” = 5 points,
the classification grade “V” = 1 point (higher revenue is preferred).

Classification scale for the social benefits value interval
The assessed locations were divided into 5 classification grades (A to E, A - highest social
benefit, E - lowest social benefit) according to their societal benefit intervals given in Table 6.
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Table 6. Classification scale for social benefits interval per m2 of the designed location area.

Social benefit interval per
m2 €/m2
> 97.66
58.65 – 97.66
19.54 – 58.64
3.90 – 19.53
< 3.90

Descriptor

Classification grade

High benefit
Higher benefit
Average benefit
Lower benefit
Low benefit

A
B
C
D
E

Note: For the calculation of the overall efficiency for this yield criterion, the classification grade “A” = 5
points, the classification grade “E” = 1 point (higher benefit is preferred).

4.4 Resulting Ranking of the Locations According to Overall Efficiency
Table 7 shows the evaluation of locations according to individual classification grades and the
overall efficiency of the location E according to the above-listed relation is determined as the
sum of the products of the classification grade values in the relevant criterion and its weight.
Table 7. Overall efficiency of the locations, sorted by the value of the overall efficiency E descending.

Location in
the cadastral
area
Prizrenice 1
Prizrenice 2
Cernovice 1
Bosonohy 1
Reckovice
Styrice
Bosonohy 2
Komin
Bohunice
Dolni
Herspice
Prizrenice 3
Cernovice 2

K1
(cost per m2)

K2
(revenue per m2)

K3
(benefit per m2)

4
4
4
3
3
3
2
2
2
2

V
III
III
V
V
V
I
V
III
V

A
C
A
A
A
B
B
C
B
C

E
(overall
efficiency)
4.20
4.20
3.60
3.40
3.20
2,60
2.40
2.40
2.40
2.20

2
2

I
V

B
B

2.20
2.00

Locations are sorted according to values of efficiency, according to the values of individual
criteria is also clear how the individual criteria for overall efficiency involved. The overall
efficiency ranges from 2 to 4.2 points of the 5-point scale.

5 Conclusion
The article deals with determination of the procedure for the evaluation of the economic
efficiency of designed locations. The economic evaluation is made to compare the extent of
economic intensity, potential revenue and socio-economic benefit of individual development
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locations among themselves and to determine the possible succession for their implementation
- a change in their use. For this reason, an economic model of costs, revenues and benefits
related to the transformation of the current location into its proposed use was developed. The
economic model is designed for the basic economic awareness of the costs, revenues and
benefits of the areas under consideration at the level of detailed technical data that are part of
the land use plan. For this reason, it works with the average values of the territory
representatives. Value analysis procedures were chosen for comparison of designed locations.
Future research will focus on another part of the life cycle of the municipal property thus
created, namely the cost of repairing and maintaining in the operational phase, where it will be
necessary, among others, to examine its average lifetime.
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Abstract. Evaluation of the economic efficiency of investment projects in transport infrastructure in the
Czech Republic is methodically based on the Departmental Methodology of the Ministry of Transport.
Economic cash flows, generated in accordance with the CBA principles, are modelled within this
methodology on the basis of the evaluation of socio-economic impact of individual projects. In the case
of the railway infrastructure constructions, the socio-economic impacts used by the methodology do not
include benefits associated with increasing safety and reliability of the railway infrastructure network
due to new security systems implementation. Determination of socio-economic impacts associated with
specific types of incidents on the railway which are caused by insufficient railway infrastructure security
and which could be eliminated by the implementation of the higher-level signaling equipment forms the
subject of the research. The research is based on the analysis of a database of incidents occurring on
the railway in the Czech Republic in the 2009 – 2018 period, which describes the basic impacts
associated with a particular incident. Statistical data on the railway infrastructure is also used to
determine the impact of incidents in addition to the database. The key outcomes of the research are the
determination of methodological steps for the evaluation of the impacts of incidents on the railway and
a case study for their verification. Future research will focus on making evaluation of the abovementioned benefits more detailed. Research outcomes will improve decision-making process on
selection and financing of the projects related to railway infrastructure safety for their future
implementation.
Keywords: Socio-Economic Impacts, Investment Project, Railways, Incidents, Evaluation.

1 Introduction
The paper focuses on presentation of partial results of the research concentrating on the
evaluation of benefits associated with increasing safety and reliability of the railway
infrastructure. Improvement of safety and reliability is anticipated in particular by the
implementation of suitable safety systems into the railway infrastructure to prevent the
occurrence of incidents. The research outputs presented in this paper are mainly focused on the
evaluation of economic impacts of the incidents. The research is based on the analysis of the
database of incidents (RIA, 2018) provided for the purpose of the research by the Railway
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Infrastructure Administration (SŽDC), within which the incidents registered for the period
2011–2018 are divided into various sub-categories. Within the framework of the paper, the
number of relevant categories is reduced solely to those categories of incidents which occur on
the railway infrastructure and for which it can be assumed that they can possibly be prevented
by previous implementation of suitable track or station signalling systems. The research does
not take into the account the accidents at the level crossings.

2 Present State References
The research can be based on the conclusions of a number of scientific and scholarly texts.
A key basis for assessing the economic efficiency of investment projects in the public sector is
the Guide to Cost-Benefit Analysis of Investment Projects (Sartori, 2014), published by the
European Commission in 2014, which includes general rules for economic evaluation of public
investment projects as well as framework methodologies for economic evaluation of public
investment projects in particular areas of public investment; for these areas are also presented
illustrative case studies. National methodology for evaluating the efficiency of investment
projects in the area of transport infrastructure, called the Departmental Methodology (MoT CZ,
2017) is based on this methodology. The Departmental Methodology is focused primarily on
assessing the financial and economic efficiency as well as risks of investment projects in
transport infrastructure in the specific conditions of the Czech Republic. The issue of evaluation
of impacts of incidents has not been dealt with in more detail in scientific literature, however,
topics related to it definitely form the subject of the research. The issue of the relationship of
incidents and human factor is dealt with in the research of (Baysari, McIntosh, Wilson, 2008),
(Madigan, Golightly, Madders, 2016), the view of engine drivers has been more closely
addressed in the Swedish study (Forsberg, 2016). The socio-economic aspects of incidents on
the railway infrastructure are the subject of the following research articles (Klockner, Toft,
2018) and (Read, Lenné, Moss, 2012). Latent and active errors leading to railway incidents are
dealt with in the paper by (Zhou, Lei, 2018).

3 Methodology
The subject of the research presented in this paper is to define methodological steps for
evaluating the impacts of incidents on the railway infrastructure.
In particular, the following data from the information provided by the “Incident Statistics”
(RIA, 2018) is considered within the research project:
• Impact on health
o Death,
o Serious injury,
o Minor injury,
• Material damage,
• Costs,
• Number of delayed passenger trains,
• Total delay of passenger trains,
• Number of delayed freight trains,
• Total delay of freight trains,
• Cause of incident emergence
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o Technical,
o Human factor,
o Others.

This paper evaluates especially the following characteristics of incidents:
o Impacts on health,
o Delay of passenger trains; and
o Delay of freight trains.
3.1 Impacts on Health
Incident impacts on health are based on the average number of casualties (dead, injured) and
the unit cost associated with death, serious or minor injuries. Unit costs associated with traffic
accidents are taken from the Departmental methodology of the Ministry of Transport and are
described in more detail in Table 1.
Table 1. Cost associated with traffic accidents.

Traffic accident
With death
With serious injury
With minor injury

Unit cost
€/person
839,306
202,968
26,202

Source: Departmental Methodology of the Ministry of Transport (MoT CZ, 2018)

3.2 Delay of Passenger Trains
Determination of the impacts associated with the delay of passenger trains is based on the
average overall delay of passenger trains due to incident occurrence. The total delay of
passengers travelling on delayed trains is then determined using the average train delay taking
in account the average train occupancy. The total cost associated with the train delay resulting
from the incident is then derived using the data from the Departmental Methodology which
shows the passenger time values.
The average train occupancy for the whole railway network was determined using the data
from the Czech Railways Statistical Yearbook of 2018 (CRG, 2018). In particular, information
on the total transport performance of 2018 (assumed at 8,224.9 passenger-kilometres) and on
the running of passenger trains for 2018 (123,596 train-kilometres in total) were used. The
resulting average train occupancy for the entire railway network was set at 66.55 persons per
train based on the above-mentioned data.
For the subsequent research, planned refinement of the average train occupancy calculation
in terms of the division of the railway network into national and regional lines has been planned;
where the national train lines are expected to have a higher average train occupancy than the
regional train lines.
Passenger time values are taken from the Departmental Methodology and are shown in
Table 2.
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Table 2. Time values of passengers on the railway infrastructure.

Passenger transport
Working time

Short transport
Long transport
Other – short distance
Other – long distance

Non-working time

€/person-hour
24.21
9.43
12.11
7.91
10.14

Source: Departmental Methodology of the Ministry of Transport (MoT CZ, 2018)

In accordance with the Departmental Methodology, it is generally assumed that in the case
of non-working time, the ratio between commuting and other transport is balanced. Likewise,
it is assumed that the ratio between long and short transport is also balanced. The ratio between
business travel and non-business travel is considered to be 10/90. Based on the information
provided, the average value of the passengers' time can be estimated at € 11.33 /person-hours.
This value was taken in the account in the case study. In the follow-up research, it is possible
to focus on a more precise ratio between the individual reasons for transport (commuting,
other), depending on whether the transport is situated on the regional or national line.
3.3 Delay of Freight Trains
The determination of the impacts associated with the delay of freight trains is based on the
average overall delay of freight trains due to the incident occurrence. From the total average
delay of a freight train, the total delay of freight transported on delayed trains together with
considering the average weight of the freight is subsequently determined. Using the data from
the Departmental Methodology on the values of freight transport time, the total costs associated
with the train delay due to incidents, has been subsequently derived.
The average weight of freight carried by train was determined for the entire railway network
using data from the Statistical Yearbook of the Czech Railways Group in 2018 (CRG, 2018).
Specifically, information on the total transport performance of 2018 (assumed at 11,085.9
million tkm (tariff tonne-kilometres) and on the running of freight trains also for 2018 (a total
of 24,348 million train-kilometres) was used. The resulting average train freight weight for the
whole rail network in relation to this data was set at 455 tonnes/train.
The values of freight transport time have been taken from the Departmental Methodology
and are given in Table 3.
Table 3. Time values of freight traffic on the railway route.

Commodity
Commodities with low added value
Normal cargo
Commodities with high added value

€/tonne-hour
0.013
0.248
0.742

Source: Departmental Methodology of the Ministry of Transport (MoT CZ, 2018)

The percentage representation of the above-mentioned commodities can be derived from
information on freight transport by commodity groups of goods from the Statistical Yearbook
of the Czech Railways Group from 2018 (CRG, 2018, p. 8). Total weights of goods transported
by individual commodity in 2018 are shown in Table 4.
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Table 4. Freight transport by commodities in 2018.

Commodity
Iron and engineering products
Construction material
Lignite
Black coal and coke
Other building materials and ceramics
Chemical products and liquid fuels
Wood and paper products
Food and agricultural products
Combined transport
Automotive

Source: (CRG, 2018)

ths. tonnes
7,979.7
7,569.2
6,637.1
7,352.9
2,470.9
4,764.6
4,733.2
1,454.6
571.8
1,589.6

By assigning the commodities listed in Table 4 to one of the following groups:
• Commodities with low added value (e.g. bulk substrates),
• Normal cargo,
• Commodities with high added value (perishable goods by means of transport),
it is possible to determine the average share of the listed categories of commodities on the
transport performance and thus the average value of the freight time in case of a freight train
delay. The average value of freight transport time value was set at € 0.246/tonne-hour.
The quantities stated in the methodology are then used to determine the average economic
impact of an incident of a given type. Within the research, only those incidents that may arise
in connection with the insufficient security of the railway infrastructure in the area of the
railway station or the railway line between the stations are considered. At the same time, only
those incidents resulting from a human factor error are considered for the calculation of the
average impacts of incidents. The following categories of incidents are therefore taken into
account for this research:
A1 Collision of railway vehicles resulting in death or injury to at least 5 persons or largescale damage,
A2 Derailment of a rail vehicle resulting in death or injury to at least 5 persons or largescale damage,
A3 Collision of a rail vehicle with an obstacle in the passage resulting in death or injury to
at least 5 persons or large-scale damage,
B1 Collision of railway vehicles resulting in consequences minor than in a serious accident,
B2 Derailment of a rail vehicle resulting in consequences minor than in a serious accident,
B3 Collision of a rail vehicle with an obstacle in the passage resulting in consequences
minor than in a serious accident,
C1 Collision of railway vehicles resulting in consequences minor than in a serious accident
or accident
C2 Derailment of a rail vehicle resulting in consequences minor than in a serious accident
or accident,
C3 Collision of a rail vehicle with an obstacle in the passage resulting in consequences
minor than in a serious accident or accident,
C6 Unauthorized movement of the rail vehicle behind a signalling device prohibiting
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driving resulting in consequences minor than in an accident,
C12 Unsecured movement of a rail vehicle resulting in consequences minor than in an
accident,
C16 Failure of signalling systems resulting in consequences minor than in an accident,
C19 Unspecified incident, arising in connection with the movement of the rail vehicle
resulting in consequences minor than in an accident.

4 Results
Interim research results can be presented on a case study. The case study includes the
determination of the average impact of an incident of a defined category on the railway
infrastructure. The basic characteristics of the assessed incident are as follows:
Category:
A1 Collision of railway vehicles resulting
in death or injury to at least 5 persons or
large-scale damage
Number of incidents included in the analysis: 15
Nature of the cause:
human factor
Average number of deaths:
0.2
Average number of seriously injured:
0.33
Average number of minor injured:
3.8
Average delay of passenger trains:
941.82 min. (15.70 hours)
Average delay of freight trains:
83 min. (1.38 hours)
Average financial impact at 2018 prices:
436,162 €
Average occupancy of passenger trains:
66.55 person/train
Average freight weight of freight trains:
455 t/train
Table 5 contains the calculation of the total average impact of category A1 incident. Data
for the calculation are taken from the methodology chapter.
Table 5. Average impact of category A1 emergency.

The nature of the incident
impact
Killed persons
Seriously injured persons
Minor injured persons
Delay of passenger trains
Delay of freight trains

Financial impact at 2018 prices

Total economic impact

Unit impact

Number of units

839,306 €/pers.
202,968 €/pers.
26,202 €/pers.
11.33 €/pershr.
0.246 €/tonnehr.
436,162 €/inc.

0.20 pers.
0.33 pers.
3.80 pers.
1,044.84 pershr.
627.90 tonnehr.
1 inc.

Source: own elaboration

Impact per item
(€)
167,661.29
66,979.35
99,566.13
11,834.50
155.20
436,162
782,358.93

The case study shows the procedure for determining the average economic impact of an
incident occurring on the railway infrastructure. It is evident from the results that the average
economic impact of one A1 incident is € 782,358.93. This procedure can be applied at other
cases of incidents listed in the Methodology chapter. The subject of further research is supposed
to be the calculation of the average economic impacts of other categories of incidents, this
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calculation will be further refined by dividing the railway infrastructure into regional or national
lines, where the average economic impacts of incidents on a regional line may be different from
those on the national lines especially with regard to train occupancy or the level of security on
the railway line.

4 Conclusions
The paper has been elaborated within the research project focused on taking into account the
benefits resulting from increasing safety and reliability of the railway infrastructure in the
economic evaluation of railway infrastructure projects. Specifically, the paper deals with
identification of methodology for the evaluation of impacts caused by the occurrence of
incidents on the railway infrastructure. The evaluation methodology is based on common
principles of economic analysis of public investment projects and is based on data provided by
the Departmental Methodology and data from the database of incidents. The proposed
methodology includes, in particular, impacts on the health or lives of casualties involved in an
incident, impacts in the form of delays of passenger and freight trains and impacts in the form
of material damage and costs. The proposed methodology has subsequently been verified on a
case study of the category A1 emergency. Follow-up research is supposed to include also an
evaluation of other incidents that may potentially arise in the context of a lack of security and
which could be prevented by the possible prior implementation of the new security systems.
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Abstract. Nowadays, dynamic progress in the field of modern technologies influences the development
of unmanned aerial vehicles. The potential application area of this type of technology is constantly
growing. The equipment is available to almost everyone and its use is becoming ever easier. The aim of
the article is to present the possibility of using unmanned aerial vehicles in construction projects, for
economic and time reasons, as well as to perform work in places that are inaccessible or too dangerous
for humans. The article is the result of literature research, expert opinions and author's own analyses.
The article draws attention to the fact that unmanned aerial vehicles may have a number of applications
and unlimited possibilities. The use of modern technologies enables the flight at different heights and
within a radius of many kilometers. Due to the fact that they are equipped with various types of cameras,
they constitute a useful observation tool in various projects. The article presents thermal imaging tests
in the area of construction and indicates that the value of energy consumption depends mainly on the
effectiveness of insulation - increase in thermal insulation, while the effective way of their diagnosis is
the use of thermal imaging camera. The authors of the article conduct research on a wide range of
applications of unmanned aerial vehicles in construction projects.
Keywords: Unmanned Aerial Vehicles, Thermal Imaging, Modern Technology, Construction.
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1 Introduction
Unmanned aerial vehicles have been used in recent years in the civil market in a variety of
economic sectors. They usually support aerial photography or filming. The equipment is
available for almost everyone. In most cases, it is necessary to have ground-based staff to install
or operate the platform itself and its systems. It should be noted that unmanned aerial vehicles
combined with appropriate detectors and sensors are an excellent method of diagnosing and
controlling the technical condition of objects. The combination of a thermal imaging camera
and an unmanned aerial vehicle provides a useful tool for thermal imaging tests that can detect
areas such as heat escapes from a building, thus preventing heat loss and significantly reducing
building operating costs.

2 Unmanned Aerial Vehicles
Unmanned Aerial Vehicles (UAVs) is a generally accepted and used in engineering and science
term. This term is also used by EUROCONTROL, the European Organisation for the Safety of
Air Navigation, of which Poland has been a member since 2004 (Maj-Marjanska and Pietrzak,
2011). Unmanned aerial vehicles are defined by the U.S. Department of Defense as "powered,
aerial vehicles that do not carry a human operator, use aerodynamic forces to provide vehicle
lift, can fly autonomously or be piloted remotely, can be expendable or recoverable. It can carry
a lethal or nonlethal payload" (Maj-Marjanska and Pietrzak, 2011). Unmanned aerial vehicles
fly thanks to the use of two basic principles: lifting force and reactive torque. In this type of
devices, counter-rotating propellers are used, which stabilise the fuselage during spinning. An
unmanned aerial vehicle may be remotely piloted beyond visual line of sight (by an operator),
or fly autonomously (by itself using an autopilot or another on-board system). However, most of
them are piloted within their operators' line of sight. In both cases, ground-based staff are
needed to install and operate the systems and the platform. The most important interface
between the machine and the user is the radio system, the range of which is measured in
kilometres. Many types of materials are used to construct modern unmanned aerial vehicles.
The most popular include glass fibre, carbon fibre, as well as various types of plastics or
metals. The materials listed above are characterised by a very good weight to strength ratio, but
they are also very expensive. Modern aerial vehicles (military, civil ones) are the objects
(systems) of very complex technical construction. They are usually built of many on board
devices and subsystems, some of which make flying possible, while others provide the
performance of specific functions within the combat mission. Their multifunctionality makes it
possible, among other things, to perform aerial reconnaissance (Becmer and Romanek, 2011).
The UAVs adopt different configurations and sizes - usually quadrocopters and octocopters,
which are equipped with four or eight propellers respectively. The main propulsion systems
include propellers and engines, which play a significant role here. The size of the propellers
(blades) determines the lifting force, as well as the flight stability. The UAVs fuselage is
stabilised by the counter- rotating propeller movement (Audronis, 2015). The selection of the
right engines, which have to cope with the aerodynamic resistance, is an extremely important
task. Thanks to them, UAVs can hover in the air for up to several dozen hours, uninterrupted.
UAVs can be equipped with various types of detectors, e.g. hazardous substances, automatic
data analysis and transmission devices, as well as thermal imaging cameras. These devices are
mostly used for filming and photographing. Real-time video playback makes unmanned aerial
vehicles an ideal tool for, among other things, monitoring of dangerous goods transport routes
or supervision of mass events (Audronis, 2015). The combination of UAV with such devices as
digital cameras, directional microphones, thermal imaging sensors and network transmitters
creates a number of new possibilities. They can be used both in site protection and in investment
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control or logistics. They may be considered a tool that extends the range of offered services,
but also significantly reduces operating costs. The potential for the use of aerial vehicles is
being increased by the constantly developing structures of unmanned aerial vehicles and their
resistance to atmospheric phenomena, greater range, as well as easier and more precise control.
The dynamically developing market of telemetry and CCTV surveillance systems, with which
unmanned aerial vehicles can be equipped, also contributes to the extended possibilities of using
such devices (Bartkowiak, 2017).

3 Concept and Application of Thermal Imaging Testing
Thermal imaging, also called thermography, is a process of registering thermal radiation,
emitted by physical bodies. The aim of the thermal imaging testing is, first of all, to present the
image of heat emitted by physical objects in the Medium Wavelength Infrared (wavelength
from about 900 to 1400 nm). This process makes it possible to record the thermal radiation
emitted by all physical bodies in the temperature range typical of everyday conditions. It should
be emphasised that objects do not need to be illuminated by an external light source. Such
operation allows for a very accurate temperature measurement of objects in the places that
interest us. Generally, thermal imaging testing is carried out in order to determine the level of
emission and loss of thermal energy in, among others, industrial or residential buildings. This
type of testing contributes to the determination of the object's thermal state. In addition, this
method makes it possible to search for various inconsistencies and irregularities. Observation
of heat emitted by objects in the field of vision is possible thanks to the use of a thermal imaging
camera. It should be noted that all bodies whose temperature is higher than absolute zero are
sources of radiation in the Medium Wavelength Infrared, i.e. infrared radiation with a
wavelength of about 0.9 to 14 µm. Therefore, the functioning of a thermal imaging camera is
based on a physical phenomenon concerning electromagnetic waves emitted by every body
whose temperature is higher than absolute zero. Moreover, the intensity of infrared radiation is
proportional to the body temperature.
The use of infrared has many advantages, especially when it is difficult to predict the
temperature field distribution. Infrared has the advantage of producing accurate images of a
thermal field in a non-contact manner. Even if it is difficult to determine where the problem is,
it will appear in an easy to interpret thermal image.

4 Author's Own Research
Thermal imaging is more and more often used in various areas of life, including heat
engineering, construction, power industry and medicine. A professional high-resolution thermal
imaging camera should be used in order to obtain reliable results. Thermal imaging testing is
common in the construction sector. The most frequently performed thermal imaging services
during the year are, for example, detection of water leaks from the central heating system, leak
detection and assessment of walls and ceilings dampness degree. Thermal imaging also makes
it possible to search for leaks in underground pipe heating systems or to conduct testing.
However, such projects require appropriate conditions and experience of the camera operator.
Companies and individuals who own buildings control the water-tightness of facades and roofs
to minimise heat loss. Improper construction may lead to significant financial losses over time,
especially in winter. A tool that enables easy measurement in individual places is a thermal
imaging camera. Using this type of camera, it is possible to determine the temperature in a place
that may be leaky, e.g. between a window and a frame.
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Thermal imaging may be considered one of the best ways to evaluate the quality of renovation
work, such as thermal efficiency improvement of a building. Thanks to the combination of
UAV and thermal imaging camera, this type of measurement can be performed even at
considerable heights and in places not easily accessible to people. The advantage of this method
is, first of all, accuracy, economy and a fast performance of measurements, thanks to which it is
possible to rectify defects quickly (Kowalski and Bielecki, 2014). For this type of
measurements it is also recommended to use radiometric cameras, thanks to which one may
read the temperature in the given point of the registered infrared image.
The essential element during thermal imaging testing is the thermal transmittance, so the rate
of transfer of heat through a structure, also known as U-value, calculated on the basis of
thermographic measurements. Using the formula below we can calculate the heat transfer
coefficient:
'! = h!"(#" — #!")
#—#

'!# =
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!

#
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— # #)
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U- heat transfer coefficient
hsi - internal surface heat transfer coefficient
hse - external surface heat transfer coefficient
Ti - temperature inside the building
Te - temperature outside the building
Tsi - internal surface temperature for partitions
Tse - external surface temperature for partitions (Kisilewicz and Wróbel, 2008).
Testing with the use of thermal imaging in open field may be subject to errors resulting from
the so-called environmental factors. Direct sunlight strongly affects the readouts from the
thermal imaging camera. Both sunlight and shade can affect the distribution of surface
temperatures of the building for hours after the sun has stopped shining. Therefore, differences
in thermal conductivity can lead to major temperature differences. Rain, which lowers the
surface temperature of the material, is an equally dangerous factor. The evaporation of
rainwater cools the material, which leads to a disturbed temperature distribution (Cwojdzinski,
2014)
When using a thermal imaging camera to detect insulation gaps or energy losses, it is best if
the temperature difference between the inside of the building and the outside is at least +10 °C.
With a high-resolution camera of high temperature sensitivity, the temperature difference can
be smaller. Therefore, building inspections are often carried out in winter.
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Currently, the authors are also conducting research on the application of UAV in the
following areas:
- drawing up three-dimensional, detailed maps of the buildable lands, containing relevant data
and information that may be of particular importance for the study phase and during conceptual
preparation;
Testing with the use of thermal imaging in open field may be subject to errors resulting from
the so-called environmental factors. Direct sunlight strongly affects the readouts from the
thermal imaging camera. Both sunlight and shade can affect the distribution of surface
temperatures of the building for hours after the sun has stopped shining. Therefore, differences
in thermal conductivity can lead to major temperature differences. Rain, which lowers the
surface temperature of the material, is an equally dangerous factor. The evaporation of
rainwater cools the material, which leads to a disturbed temperature distribution (Cwojdzinski,
2014)
When using a thermal imaging camera to detect insulation gaps or energy losses, it is best if
the temperature difference between the inside of the building and the outside is at least +10 °C.
With a high-resolution camera of high temperature sensitivity, the temperature difference can
be smaller. Therefore, building inspections are often carried out in winter.
Currently, the authors are also conducting research on the application of UAV in the
following areas:
- drawing up three-dimensional, detailed maps of the buildable lands, containing relevant data
and information that may be of particular importance for the study phase and during conceptual
preparation;
- ongoing monitoring of the construction site and work in progress;
- controlling and supervising the works performed by the contractor, as well as supporting
persons responsible for supervision;
- control over the supply of building materials and specialist equipment to the construction site;
- simulations that will provide the client with information on the topography and suggest what
the best place for foundations excavation would be;
- monitoring the location of construction equipment that changes its position on the site, as well
as supervising employees, properly performing their assigned duties and complying with
occupational health and safety rules.
The authors' preliminary research shows that the application of UAV in the above mentioned
projects will improve the effectiveness of their implementation.
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5 Conclusions
Decreasing prices and increasing availability result in growing popularity of UAV. Thanks to
the autopilot function, the device is easy to operate for almost every user. Determining
parameters such as flight speed and altitude, flight course, monitoring of objects or phenomena
in hard to reach locations is not a major problem. The possibility of using UAV with thermal
imaging or HD cameras makes unmanned aerial vehicles a useful tool for conducting various
types of tests. The conducted tests indicate that it is possible to identify areas of heat loss in the
building and assess the temperature distribution. Moreover, the result is fast, accurate and noninvasive thanks to the use of an unmanned aerial vehicle combined with a thermal imaging
camera. It allows, among other things, to identify defects in buildings, such as missing
insulation, mortar flaking, dampness problems, and to assess the condition of heating,
ventilation and air-conditioning systems. Such measurements are not only accurate, but also
very cost-effective. Regular autonomous UAV flights may provide in a short period of time
current and detailed data concerning the implemented construction projects.
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Abstract. The article presents an office building life-cycle estimating possibility with the use of
multiple-criteria evaluation and simulations modeling techniques. The first part describes the life
cycle of an office building with a focus on the places where it is necessary to make strategic decisions.
These decisions are most often associated with (the incurring of) high financial costs. It is, therefore,
necessary to choose a tool supporting the decision-making process. Presents for evaluation several
criteria were developed, a number of which concern office buildings. It should be remembered that the
multiple-criteria assessment means not only the criteria but also weights which are assigned to them.
The article discusses different ways of assigning weights to criteria, e.g. the Simos method. The use of
several different methods of multiple-criteria evaluation was suggested, for example the method of
weighted sum, the ideal point method and the entropy method. The analysis was based on simulation
models. The full cost model was built in MS Excel. For modeling the Crystal Ball software was used.
The software applied allowed not only to determine confidence in the selected scenarios, but also to
point to the criterion or factor which has the greatest impact on the final result. Such information can
be obtained through the use of sensitivity analysis.
Keywords: Office Building, Life-Cycle, Multiple-Criteria Analysis, Crystal Ball.

1 Introduction
The definition of the life cycle of an office building can be fully based on the definition of the
life cycle of a building as such. According to the definitions in ISO 15686-5: 2008, the life
cycle of a building can be described as successive, interrelated periods of time between the
selected time and the time of withdrawal or disposal of the building, in which certain criteria
are assessed (e.g. costs, energy consumption, etc.).This period can be specified in the analysis,
e.g. as a period equal to the time of renting or owning, or may cover the entire life cycle of a
building, while the life cycle period is subject to the definition of the scope and specificity of
operational requirements for a given building component. The definition includes a reference
to the criteria of assessing the life cycle of an existing building. In the article, the author
approaches the topic through the prism of strategic decisions accompanying the entire period
in which an office building project is considered. These decisions are made throughout the
entire life cycle of the project, at the initial, design, implementation and operational stages.

2 Strategic Decision Points
The most important points of strategic decisions, according to the author, are listed
below. They have also been briefly characterized.
- Location Selection - different types of places: best, good, average, cheap, dedicated
office buildings (e.g. near/in logistics centers ...).

doi:10.23967/dbmc.2020.202
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-
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Widely understood construction technology that often affects the initial cost of the
object. The cost is associated with the standard, which in many cases is the result of
the location in which the object is designed.
Permanent/Short-term tenants. There are various office buildings. In many cases, the
assumption is that they are built for long-term tenants who are also strategic tenants
and who often attract smaller ones. However, there are more and more advertisements
of objects in which space is sublet for short periods of time, sometimes even for days.
Renovations/Modernizations. The aims of renovation / modernization are an important
issue. The existence of an office object is only justifiable when it brings profit. It is
known that in time a building ceases to be as attractive as it was at the beginning. The
aim of renovation, as it is understood by the author, is mainly to maintain the standard
and output functionality. The aim of modernization, however, is to change the object
in a way which makes it possible to place it at the top of the list of attractive objects in
a given environment, which is its reference environment.

3 Renovations/Modernizations
According to the author, the scope of renovation and modernization works can be divided into
four basic types, which are listed below. A set of criteria was also developed to evaluate these
variants.
- basic renovation - aimed only at maintaining the object in working condition,
- full renovation - aimed at restoring the building to its original condition,
- inexpensive modernization - aimed at making the facility slightly more attractive,
- expensive modernization - aimed at restoring the facility's full attractiveness.

4 Criteria for Variants Assessement
The set of criteria includes four elements. The first three measurable criteria, which do not
require any special ranking scale, are: cost, given in relation to a square meter of rentable
space, time - given in days, and forecasted rental income, also given in relation to a square
meter of rentable space. For the last criterion, which is the scope of works, a four-point scale
was adopted. A description of the scale is presented below. It should be noted here that the
increasement of scope may result in entering more and more serious construction works. With
proper planning, the permit obtaining process and the design process should not pose a
problem, but the construction process itself may already be problematic as unplanned delays,
like on any construction site, may occur.
- 1 - the smallest scope of renovation and modernization works understood as the
exchange of those elements only which are necessary to be replaced in order to meet
the requirements, more technical than aesthetic. In this case, there is rather no risk of
delays.
- 2 - is the scope of renovation which is characterized by incurring the expenditure
necessary to restore the object to the condition of commissioning. It assumes greater
work effort than in the first case as well as the probability of greater costs generated
by the need to replace elements that admittedly meet the technical requirements but no
longer meet the aesthetic requirements. Sometimes in the case of, e.g. facades, this can
already be a high cost within the meaning of a significant range. Slight delays are
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possible here.
3 - this note corresponds to renovation / modernization in which, apart from bringing
the object to its full technical and aesthetic usability, minor changes are also made to
the object. Such changes are, for example, a slight reconstruction of the facade
including the modernization of the entrance portal. Changes can also be carried out
inside the building and may involve, for example, the rearrangement of partition walls.
In this case there is a risk of delay, which in extreme situations may become
perceptible.
4 - such a note should be attributed to the renovation / modernization, which in
principle will carry a significant scope of construction works. It may include works
related to the complete reconstruction of the façade or to the modernization of
communication routes, e.g. the addition of subsequent elevators. Such
renovation/modernization can be considered as a reconstruction of the facility which
carries a significant risk of delays.

5 Weight Scenarios, Assigning Weights Using the Simos Method
The original Simos method is based on the following three steps. First step is when the
Decision Maker (DM) gives a set of cards with the name of one criterion the names of various
criateria and a set of white cards. The number of white cards depends on the DM. In the next
step the DM is asked to rank the cards from the most to the least important. If two cards are of
the same importance they should be placed in the same line. In the last step the white cards
are placed between the cards with the names of criteria. The assumption is that if two white
cards are placed between criteria A and B, it means that A is three times more important than
B. Basing on this we can describe Siomos algorithm in four steps. The first is the creation of
the rank. Next, the distance between criteria is established by using the white cards. Step
three is the calculation of non-normalized weights. In the last step normalized weights are
calculated. The most important card should be placed at the bottom and the least important on
the top of the table. In figure 1 below we can see the example of the usage of this method
based on previously described criteria.
Cost
White
Time
White

White

Scope of works
Rental income
Figure 1. Cards order according to Simos method.

Table 1 below shows the results of calculations done with the use of Simos method.
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Table 1. Criteria weight calculations with the use of Simos method.

Cost
White card
Time
White card
Scope of works
Rental income

Cards
number

Position

Non-normalized
Weights

Normalized weights

1
1
1
2
1
1

1
2
3
4;5
6
7

1
...
3
...
6
7

0,06
...
0,18
...
0,35
0,41

In the fourth line of the table we can find two white cards. The author’s assumption was
that these two cards make bigger span between the criteria.

6 Multi-Criteria Assessment Methods
Weighted sum and ideal point methods are among the most basic methods of multi-criteria
assessment. They are widely known and, according to the author, there is no need to quote
their definitions and descriptions. The entropy method described below is more interesting.
The entropy is a thermodynamic parameter of the state of a system. However, in the
statistical interpretation, it determines the degree of not ordering the harvest (or the degree of
uniqueness). According to the Polish language dictionary, entropy in thermodynamics means
the amount equal to the sum of the quotients of the heat portion taken by the system in a
reversible process. In information theory it is the measure of indefiniteness, chaos, a degree of
disorderness. The Entropy method allows us to estimate the validity of the analysed criteria
describing the options in question based on the discrepancies in each. In theory, the
information was first applied by Claude Shann and later refined by B. McMillana and L.
Breiman. Based formula in entropy method is:
𝐸𝐸! = −

"

#$ %

where:
j - number of criterion,
i - number of assessed variant (from 1 to n),
p - assessment value.

∑%&'" 𝑝𝑝&! ∗ ln 𝑝𝑝&!

(1)

It is easy to notice that if all the criteria have the same value of assessment, the entropy
equals 1. For weights vector modification we use volatility level z based on following
formula:
𝑧𝑧! = 1 − 𝐸𝐸!

(2)

Criteria weights vector is modified by using:
𝑤𝑤!( =

!"
+"
∗*
∑ $ !"
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∑$
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' ' – weights established by DM, w'( – new weights.
where: w
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7 Example
Analyzed example concerns medium class office building located in Warsaw in range of 5 km
from Palace of Culture and Science. Unnecessary data was collected in table below.
Table 2. Assessed investment options matrix.
Cost
Time
Scope of works
Rental income [monthly]

Variant 1
180
15
1
50

Variant 2
210
40
2
55

Variant 3
270
60
3
75

Standarized grades used for assessment are in below table number 3.
Table 3. Standardized grades matrix.
Cost
Time
Scope of works
Rental income [monthly]

Variant 1
0,47
0,20
0,27
0,66

Variant 2
0,54
0,54
0,53
0,60

Variant 3
0,70
0,81
0,80
0,44

The rental income were variated with Crystal Ball software use. On below figure there is
example for rental income in third variant. Author made assumption that the best will be
triangular distribution I range -10% to +5%.

Figure 1. Triangular distribution for rental income variant 3

Calculation results were collect in below table 4. As it was previously mentioned
calculation were made with three method use. Weighed sum, ideal point and entropy method.
With accordance to all of this three method order was the same. The best was investment
variant number one(minimum was looking for). Probably because cost of renovation and
rental cost were going together proportionally, but the risk of delay grow quickly in meaning
scope of works criterion. The result also shows how important this criterion actually is.
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Table 3. Standardized grades matrix.
Wighted sum
Ideal point
Entropy method

8

Variant 1
0,43
0,29
0,17

Variant 2
0,56
0,54
0,34

Variant 3
0,65
0,71
0,48

Conclusions

The article defines the life cycle of a building object together with the definition of strategic
decision points. The assessment of the points regarding the decision on renovation or
modernization was mainly considered.
A set of criteria have been developed to make the choice of the right option easier. In
addition to the criteria, a weighting scenario was created with the use of Simos method. The
entropy method used in the assessment was also described. During calculation, the expected
rental income was established with the use of CrystalBall software.
The calculations made for the presented example show that this approach to the subject, in
which various advanced methods are combined in multi-criteria assessment, gives good
results and can be used assessing renovation and modernization options for office buildings.
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Abstract. Buildings absorb energy at every stage of the life cycle. The paper analyses the phases of
the life cycle of an office building indicating the possibilities of reducing energy consumption. In
particular, attention was paid to the most energy-intensive phase, that is the use phase. Both simple
actions and more advanced solutions allowing to reduce the energy demand of a building during the
use phase are characterized. For an exemplary office building, life cycle costs were calculated taking
into account selected solutions improving energy efficiency.
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1 Introduction
Buildings are the largest energy consumer in Europe, utilizing about 40% of final energy, of
which more than 55% is used for room heating and cooling. At the same time, it is estimated
that about one third of the world's energy consumption is related to the use of office and
residential buildings. An additional problem is that most of this energy is supplied from nonrenewable sources, which contributes to environmental degradation and significant
heating/cooling costs (Arendt et al., 2015). It should also be remembered that oil and gas
resources are limited and no longer so readily available (Firląg, 2018).
The aim of the paper is to analyse the possibility of reducing energy consumption in office
buildings in all phases of their life cycle.

2 Energy Consumption of Buildings in the Various Life Cycle Phases
From the point of view of energy consumption and environmental impact, the life cycle of a
building involves the following phases:
- the manufacturing the products necessary for the construction of the building,
- the construction of the building,
- the use of the building,
- the end of the life cycle.
Each of these phases entails energy demand. Detailed modules related to energy demand,
being part of particular phases of the building life cycle are depicted in Table 1.
The energy consumption in the different phases of a building's life cycle depends on many
factors. However, in general, when analysing the energy consumption of buildings in Poland,
it is estimated that at the stage of construction of a building the energy consumption amounts
to about 10%, at the stage of use (with implementation performed according to the current
standards) – to about 72%, for the needs of renovation – to about 15% and for the demolition
of the building – from 1 to 3% of the total accumulated energy demand in relation to the life
cycle of the building, as illustrated in Figure 1.
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Table 1. Phases of the building life cycle.

Life cycle phase
A – Product phase

Life cycle modules
A1 – Extraction and manufacture of raw materials
A2 – Transport
A3 – Manufacturing the product
B1 – Transport
B2 – Construction
C1 – Usage
C2 – Maintenance
C3 – Repair
C4 – Replacement
C5 – Renovation
D1 – Demolition
D2 - Transport
D3 – Recycling/reuse
D4 – Stockpiling

B – Construction phase
C – Operation phase

D – End of life cycle phase

End of life cycle
phase
2%

Manufacturing
and construction
phase
10%

Operatoion
phase
88%

Figure 1. The energy consumption of buildings.

Since the greatest amount of energy is consumed in the operation phase of the building,
therefore this issue is addressed mainly in the present paper.
However, the other phases cannot be ignored. In general, the energy consumed by the
building include the following:
- embedded energy, that is energy accumulated in the building during its construction in
the form of energy used for the production of materials, transport (A – product phase),
building-in processes (B – construction phase) and energy necessary to perform repairs
and maintenance (C – operation phase);
- operational energy, namely energy used for heating, ventilation, air conditioning, lighting
and energy (C – operation phase);
- processing energy, meaning energy necessary for the demolition of the facility and waste
management (D – end of life cycle phase).
The first phase of the building life cycle is related to the manufacturing building materials
and products necessary for the construction of the building. According to the Guide of the
Building Research Institute (Adamus, 2014), approximately three billion tonnes of raw
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materials are used each year for the production of building materials, which accounts for 4050% of global production. Characteristically of the construction industry, it is estimated that it
uses more than 10 000 different types of materials, many of which are obtained through the
exploitation of non-renewable resources. Table 2 shows the amount of embedded energy for
common building materials, as revealed by European and US sources.
Table 2. The amount of embedded energy for common building materials.

Material
naturally dried wood
processed wood
plastic materials
local stone
prefabricated concrete
ceramics
glass

Embedded energy in MJ/kg, according to:
European sources
US sources
0.5
0.3 ÷ 1.1
8 ÷ 24
8 ÷ 24
80 ÷ 110
55 ÷ 120
5÷6
0.8
2
2
2.5 ÷ 8
2.5 ÷ 7
12 ÷ 26
14 ÷ 30

Table 3 depicts the amount of energy associated with the transport of building materials.
As can be seen from this summary, the largest energy consumption is in road transport.
Table 3. The amount of energy associated with the transport of building materials.

Type of transport
road transport
rail transport
water transport

Energy consumption in MJ/t:
Canada
Great Britain
1.18
4.50
0.49
0.60
0.12
0.25

It should be emphasized that the proper selection of construction materials and products
has an impact not only on the energy consumption during their manufacture and transport, but
also on the energy demand in the operation phase, related to the need for repairs and
renovations which are largely dependent on the characteristics of the material itself.
In general, the amount of the embedded energy of a building can be minimised by applying
the following principles:
- design of objects with a long service life, made of durable materials and not requiring
repair or overhaul;
- ensuring that the different materials can be easily separated from each other for repair and
demolition;
- the use of locally available materials;
- the use of materials with a high recycling rate;
- avoidance of materials generating troublesome waste;
- minimising the use of highly energy-intensive materials;
- preference for renewable energy materials,
- the use of materials that reduce energy consumption during the operation of the building,
which indicates the choice of sustainable materials.
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3 Energy Consumption in Office Buildings at the Operation Stage
In every building, by far the highest energy consumption occurs during the operation phase. A
specific feature of such buildings as commercial facilities is that their energy consumption per
square metre is on average 40 % higher than that of residential buildings. Their electricity
consumption is particularly high, due to complex lighting, air conditioning or ventilation
systems. Also, the climate in countries such as Poland, for example, means that in standard
buildings the heating season lasts 220-240 days a year, hence 70% of energy in buildings is
used for heating and cooling.
Moreover, in comparison to other buildings, modern office facilities have a specific
consumption of electricity associated with their high demand for energy needed to power
computer and other office equipment. Figure 2. illustrates the energy consumption of an
average office building in 2012. The data comes from the research conducted by an institution
established in the USA, dealing with the collection and analysis of data on energy issues: the
U.S. Energy Information Administration.
air-conditioning
10%
lighting
10%
ventilation
10%
heating
25%

cooling
9%
cooking
7%
others
13%

office equipment
3%

computers
6%

warm woter
7%

Figure 2. Energy consumption of a commercial building in 2012.

As Figure 2. reveals, the highest energy consumption in 2012 was due to the demand for
heating of the building, while the power supply of office equipment and computers accounted
for less than 9% of its total consumption. Moreover, forecasts for 2050 show that although
demand for energy for heating and lighting in office buildings, for example, will decrease
significantly, energy demand for computer hardware and other office equipment will increase
by more than 20% (Figure 3).
Such specificity of office buildings should probably be one of the important factors when
considering the possibility of reducing energy consumption. This does not mean, however,
that no action should be taken to reduce the energy required for heating, cooling or
ventilation.
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Figure 3. Current and planned energy consumption in office buildings
(kilowatt hours per 1square foot).

4 Opportunities for the Reduction of Energy Consumption
Research results indicate that almost 75% of buildings are low energy efficient, which means
that there is still significant potential for rational energy savings in buildings. According to
the European Commission, a statistical building in the European Union countries consumes
15-25% more energy than it needs. In Poland, on the other hand, energy consumption in
buildings is more than twice as high as in other EU countries. The Polish economy is also
about 2.7 times more energy-intensive than in the European Union and 5 times more so than
in Japan. Improvement of energy performance of buildings is therefore the biggest challenge
for the coming decades (Skanska Property Poland, 2016).
Actions reducing energy consumption in buildings can be linked both to relatively simple
as well as more advanced solutions aiming at decreasing heat loss in a building.
It can be observed that the largest heat losses in a building are related to the heat transfer
through the building envelope, where the largest losses are those through glass envelope, such
as windows and doors, amounting to about 60-70% of the total energy balance. Ventilation,
on the other hand, causes losses of 30-40%. Therefore, it is necessary to minimize heat losses,
while maximizing the use of energy gains.
Heat losses can be reduced by the following improvements in (Ministry of Investment and
Economic Development in Poland, 2018):
- ventilation - application of mechanical ventilation with heat recovery (recuperation) and
high tightness of the building,
- windows and doors - use of energy-saving woodwork,
- external walls - appropriate wall insulation,
- roof - appropriate roof insulation,
- floors on the ground - adequate insulation of the floor on the ground,
- thermal bridges - use of solutions minimizing the occurrence of thermal bridges.
In the case of existing buildings, this will involve thermal upgrading, such as replacing
window frames, replacing central heating systems, or optimising heating by insulating hot
water pipes, heat and small heat pump systems in the radiator. A simple change in habits can
also lead to a reduction in energy consumption, such as (Kopietz-Unger, 2012):
- appropriate setting of air temperature in rooms, up to approx. 10%,
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- exposing the radiators, about 10%,
- lowering the temperature of domestic hot water to approx. 6.6%,
- use of aerators, approx. 8%,
- the change from rib radiators to convection heaters, about 14%.
More complex solutions include the use of alternative solutions for heating water or
building interiors. The increased use of alternative energy sources contributes to the
development of low-carbon energy sources. Such solutions include the efficient use of solar
collectors to heat water. Studies on the benefits of using natural energy sources, in particular
solar panels, are presented in (Kale et al., 2018). The following conclusions can be drawn
from the project:
- energy-saving approach to the solar collector system requires an initial investment of 1.316%,
- with minimal initial investment in solar panels, one can save 4.3% of the total cost within
30 years,
- with the proposed solar panel, 54 - 64% of the total cost can be saved within 25 years.
The use of solar systems can be effectively used to cool rooms. The solar system absorbs
solar radiation and converts it into heat energy, which is subsequently transferred to a cooling
exchanger and then to a central heating system for cooling.
An interesting solution is the use of photovoltaic cells to produce electricity. In Poland,
from 1 m2 of solar cells it is possible to obtain up to 100 kWh of electricity. The condition is
that the generated energy will not be used for water heating and heating purposes.
The solution used increasingly more often is the use of cooling and heating ceilings. Such
ceilings use the thermal mass of the building to act. Pipes are placed in the concrete ceiling to
transport cold and hot water. At night, the system brings coolness to the ceilings, and during
the day, the cooled surfaces take heat from the building and thus lower the room temperature.
This solution not only ensures comfort and healthy microclimate in rooms, but it also allows
to reduce energy consumption. Unlike traditional air-conditioning systems, they operate in
temperatures close to the environment, which contributes to increasing the efficiency of the
source of heat and cold. An analysis performed on the example of a London office building
with a total area of 1000 m2 showed that this type of ceiling provides annual savings of
between 12 and 31% compared to conventional installations in the form of fan coil units,
displacement ventilation or chilled beams of similar capacity. Manufacturers assure that the
investment costs are low, with savings of 10-30% compared to conventional air conditioning
systems and low maintenance and service costs up to 30%, compared to conventional air
conditioning systems.
Modern office buildings contain rooms of a different character, such as: halls and reception
areas, atria, server rooms, engine rooms, garages, offices, conference rooms, restaurants, retail
and service premises. Each of them requires a separate system to guarantee different levels of
comfort and safety. In order for all these elements to constitute a coherent and wellfunctioning whole, advanced automatic control and regulation systems, BMS (Building
Management System), should be applied in office buildings, which in some cases are
supplemented with functionalities allowing for energy consumption management, that is
BEMS (Building Energy Management Systems). Their basic function is to ensure proper
indoor environment parameters (user comfort) with rational energy consumption. According
to the data from Distech Controls Inc., the manufacturer of building automation systems,
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Building management systems never cost more than 1% of their value. However, on average
45% of energy consumption depends on their quality, that is 25% of the value of the
investment over the 30 years of the life cycle of the building. Depending on the type of the
building, lighting consumes 30-40% of the electricity, of which 10-58% can be saved. Over
65% of energy costs is absorbed by heating and air conditioning, and potential savings
amount to 8-45%.

5 Cost-Benefit Analysis of Solutions that Improve the Energy Efficiency
Standard of an Office Building
Simulations concerning analyses and benefits resulting from energy-saving construction were
performed by the Polish National Energy Conservation Agency on the example of buildings
of different purpose (Węglarz, 2017). One of the buildings under analysis was an office
building. The model office facility selected for the analysis was a 6-storey building with a
usable area of 2 124 m2. On the basis of simulations and additional own analyses, the authors
performed calculations which enabled the assessment of costs and benefits resulting from the
application of solutions that increase the energy efficiency of the office building.
For standard buildings, the classic and most frequently used installation solutions were
adopted, that is water heating systems with convector heaters and boilers for coal, natural gas,
fuel oil, LPG or the application of a heat substation with a connection to a district heating
network. In a high standard building, it was assumed that, in comparison to a standard
building, the insulation thickness of the envelope was increased by 20 cm and that windows
with a penetration coefficient of 0.5 W/(m2·K) were used.
In addition, for the model building with energy-saving standards, the following were
applied: higher thickness of pipeline thermal insulation, better quality control valves and
thermo-valves, water-saving fittings in the hot water installation and mechanical ventilation
with heat recovery of 85%. For the building with collectors, the use of flat solar collectors
with an area of 32 m2 was predicted.
Table 4. presents the costs of energy depending on its source, accepted for analysis.
Table 4. Energy costs depending on the source of energy (Węglarz, 2017).

Source of energy
Coal
GZ50
Electricity
Fuel oil
LPG
Network heat

External costs
EUR/MWH
EUR/GJ
11.00
3.06
0.42
0.12
57.00
15.83
1.54
0.43
1.54
0.43
10.40
2.89

The results of simulation analyses for an office building and coal heating are presented in
Table 5.
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Table 5. Results of simulation analyses for an office building for coal heating

Standard building
High-standard building with
cooling and heating ceilings
High standard building with
collectors
High standard building with heat
pump

construction cost
[EUR]
1 373 692

Annual energy
cost [EUR/year]
8 428

LCC [EUR]
(30 year; r=5%)
1 915 361

1 432 377

6 730

1 900 120

1 506 222

1 966

1 868 795

1 536 054

2 096

1 731 453

6 Conclusions
Buildings absorb energy to varying degrees at every stage of their life cycle. By far the
greatest demand for energy occurs during the operation phase of a building. Reducing energy
consumption during this phase is necessary for both economic and environmental reasons.
The life cycle cost analysis of an office building conducted in the present paper showed the
effectiveness of the use of cooling and heating ceilings, solar collectors and heat pumps.
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Abstract. Structural and material solutions of modern buildings are an important element of
considerations in accordance with the idea of sustainable design, in which the aim is to minimize their
negative impact on the environment. These searches turn towards low-tech technology, which uses
natural and low-processed materials, which are possible to obtain in selected locations. Construction
in the raw earth technology is a modernization of the traditional technology, in which it is possible to
apply pro-ecological values associated with the used material. The paper presents research on
insulation properties of walls in an experimental earth building located in Pasłęk in Poland. The aim of
the research was to determine the potential of the applied raw earth technology in a local climate. The
accepted design assumptions were verified due to the effects achieved in the empirical research on the
thermo-humidity conditions in an experimental building. On the basis of the conducted research with
the use of specialized tools, the positive and negative sides of the selected technology and building
material were determined.
Keywords: Raw Earth Technology, Sustainable Design, Energy Efficiency.

1 Introduction
In modern pro-ecological architecture, many trends can be identified, which lead to the design
of architecture in accordance with the idea of sustainable development. One of them is circular
design. The main assumption in this design approach is to use materials that can be obtained in
close proximity to the design area, with the possibility of their reuse, or using bio-materials.
According to this, structural and material solutions of modern buildings are an important
element of considerations in accordance with the idea of sustainable design, in which the aim
is to minimize their negative impact on the environment. These searches turn towards low-tech
technology, which uses natural and low-processed materials, which are possible to obtain in
selected locations. Construction in the raw earth technology is a modernization of the traditional
technology, in which it is possible to apply pro-ecological values associated with the used
material. The use of earth as "waste" from the excavated material after excavation of the
foundations of the building, for the construction of external and internal walls of the designed
object is an important element inscribing the project in the idea of circular design. The paper
presents research on insulation properties of walls in an experimental earth building located in
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Pasłęk in Poland. The aim of the research was to determine the potential of the applied raw
earth technology in a local climate. The accepted design assumptions for the veranda design
were verified due to the effects achieved in the empirical research on the thermo-humidity
conditions in an experimental building. On the basis of the conducted research with the use of
specialized tools, the positive and negative sides of the selected technology and building
material were determined within the scope of a veranda designed as a heat accumulating
element.
One of the trends of contemporary architecture is the use of traditional technologies and
among them diverse raw earth solutions, wooden structures supplemented with straw bale
walls, and use of various recycled materials.
In an experimental building described below located in the Ecological Park in Paslek in
Poland the following types of raw earth technologies were used: rammed earth in formwork,
earth pressed blocks, strew clay blocks and clay render. The project was carried out at the
Faculty of Architecture of the Warsaw University of Technology by the team: prof. Teresa
Kelm, arch. Jerzy Górski PhD, arch. Marek Kołłątaj, Dorota Długosz-Nowicka PhD, who
cooperated on technological issues and carried out laboratory tests. Structures and installations
designers participated in the preparation of the Construction Design.
Preparation of the project and construction of the building became possible thanks to the
grant from the Ministry of Science and Higher Education in the years 2005 – 2008, involvement
of the city authorities of Pasłęk and with the help of sponsors. The municipality of Pasłęk, had
been interested in ecology for many years, made the plot available for construction to promote
the idea of ecological construction in its area. The building was commissioned in 2012. and
handed to the city. The building is administered by the management of the Ecological Park and
used as an information, educational and exhibition centre.
The construction of the building was used for didactic programme on ecological construction
with the use of raw earth technology, carried out in the form of seminars, practical classes,
workshops and local inspections on the construction site. Also finished building is an object of
further research and observation on the behavior of the structure during its exploitation. The
results of such examinations will be shown in this paper.

2 Design Assumptions and Implementation Details
2.1 Spatial and Functional Characteristics of the Building
The building is detached, one-storey, without basement and is roofed by a single pitched, northfacing roof covered with extensive greenery. It is located in the south-eastern corner of a plot
of land with an area of about 1 ha. It is flat meadow at a side of local lake, used by the Ecological
Park to organize in summer outdoor events. In order to achieve the energy-optimal surface area
of the facades, the longer axis of the building is located in the east-west direction. The facade
with the largest surface area and the largest number of glazing is on the southern side, the facade
on the northern side is smaller and has no openings. The main entrance to the building is located
on the western side. It leads through the vestibule to the one-spatial didactic and exhibition hall
located in the eastern part of the building and connected through two glass doors with a large
fully glazed veranda located within the southern facade. The main room is connected with the
external terrace located along the eastern elevation of the building and with the utility part
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(kitchenette, toilet) located in the western part. The development area of the whole building is
105 m2, usable area 75.5 m2 and cubic capacity 250 m3.

Figure 1.Left: Floor plan of the Experimental building in Pasłęk. The functional scheme is shown in this
drawing 1. Vestibule, 2. Exhibition hall, 3. Veranda, 4. Back room annex, 5. Toilet, 6. Terrace; Right: Section
through the veranda and the accumulation wall. The eaves is designed to shade the accumulation wall in
summer. (accumulation wall not thermally insulated).

2.2 Construction Solutions
In the project, energy-efficient solutions were applied during both the implementation and the
operational phases. The technology of rammed earth in the formwork was applied to the
structural and external walls using the soil from the excavations on the plot (reduction of the
costs of transport of construction materials). They are supplemented with an internal layer built
of straw-clay blocks and thermal insulation. The partition walls are made of pressed earth
blocks.
The foundations of the building are benches and foundation walls made of reinforced
concrete and thermally insulated with foamed polystyrene inserts, and damp-proof with
bitumen membrane. Taking into account the necessity of protecting the earth mass of the walls
against water and ground dampness, the aboveground wall is elevated about 50 cm above the
ground level and supported by a concrete foundation finished with natural stone.
The external walls are designed and constructed as three-layer partitions. The load-bearing
layer is situated outside in form of rammed earth monolithic walls compacted in formwork
using a pneumatic compactor. The raw material (soil from site) was supplemented - in order to
obtain a mixture meeting the technical requirements for this type of elements - with
modification additives like sand or gravel. Moreover, due to the contact of the walls with the
air moisture, a stabiliser - 6 to 8 % by weight of cement - was added to the earth's mass. The
load-bearing layer is topped off with a reinforced concrete ring beam with anchors for fixing
the wall plates (roof structure). The internal layer of the partition was made of blocks made of
clay and straw compacted mass, and the gap between the layers was to be filled with cellulose
backfill (Ecofiber) replaced by mineral wool due to the price. Mineral wool is also used to
insulate the roof. The inner blocks are finished with earth plaster to regulate the humidity of the
interior or have a natural surface impregnated with varnish in order to stop the material from
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chipping. Partition walls are made of blocks made of pressed earth without any additional
finishing. The floors on the ground were damp insulated with bitumen membrane laid on the
underlay concrete and thermally with polystyrene. A broken stone slab floor with concrete
subfloor is a thermal accumulation mass.
The unconventional order of external wall layers (rammed earth load-bearing layer as
external one) was dictated by research considerations - verification of the influence of climatic
factors (humidity from the air) on the earth mass and of water vapour permeation through the
partition layers, determination of the dew-point, etc. It was assumed that the external surface of
the compacted earth wall would be left without any finishing, as a natural illustration of an
unusual technology. External walls above the window openings are made as wooden frame
walls, insulated with mineral wool with internal vapour-barrier insulation, external wind-barrier
insulation and wooden boarding on both sides. The roof is a single pitched, with wooden wall
plates, purlins and rafters. A layer of weather-resistant tundra greenery was laid on the roof. In
order to protect the rammed earth walls from direct rainwater, the roof eaves were extended
from the wall line at a distance of not less than 80 cm.
The fully glazed veranda with wooden construction has a southern sloping wall. It is
separated from the main room by a thick, non-thermally insulated accumulation wall made of
rammed earth and room is connected with veranda by two glass doors. The windows and
exterior doors are made of wood. The building has a sewerage system, cold and hot water, and
electricity. The main source of heating is a freestanding wood-burning cast iron fireplace.

Figure 2. Left and in middle: View of the experimental earth building located in the
Ecological Park in Pasłęk. Right: The inside of the veranda. Wooden structure glazed with low-emission
composite panes. On the right there is an accumulation wall made of compacted raw earth and a door connecting
with the main hall.

2.3 Energy Performance of Building Components Using Raw Earth Technologies
The experimental building in Pasłęk was designed in terms of space and materials so that the
assumed construction solutions could be used for later analysis and research. At the design
stage, theoretical calculations were carried out, which can later be compared with the achieved
effects .
The characteristics of the basic earth and insulating materials of external walls are presented
below.
The thermal conductivity coefficients of λ [ W/mK ] of the materials used in the walls were
as follows:
- Heavy earth (for rammed earth in formwork) – 0,870
- Light weight (straw and clay blocks) – 0,350
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- Cellulose insulation (Eco-fibre)/(Mineral wool) -0,040
Building material solutions of the other elements (ceilings, floor, glazing) complement the
design's assumptions concerning energy efficiency. The coefficient of heat transfer through the
partition for the external wall - U0 ( 1/Rt ) - was 0.34 W/m2K. The designed building was
classified as a public utility building, so the expected heat transfer coefficient through the
partition complied with the regulations of that time. A significant role in the energy
management of the object is the passive use of solar energy. This is achieved by using a glass
veranda on the south side, glazed terrace doors and windows. The amount of solar energy
penetrating into the room in the form of short wave radiation depends on the size of the glazing
and the type of glass in the set, especially the type of external glass. Solar energy is stored in
the compacted earth wall (without thermal insulation) between the veranda and the main room
and in floors made of materials that well store heat - stone and in partition walls made of pressed
blocks. The stored heat is retained in the interior by the use of double glazing with low-emission
internal glazing and insulating properties of the external partitions.
2.4 Inspections and Technical Examinations
The building was subject to local inspections during its execution and operation by the design
team and other persons from the Faculty of Architecture of the Warsaw University of
Technology.
The building has been used in various ways for over 7 years and direct feedback from users
was important and it shows that the internal climate is very comfortable. During the heating
period, a wood-burning stove was sufficient as a source of heat. Solid walls and flooring were
a good heat accumulator and the heat buffer in the glass veranda accumulated heat on sunny
days in cold period and supplemented the overall heat balance. Multi-layered external walls and
roof containing thermal insulation assured even internal temperature both in hot and cold
periods.
During inspections also the structural and construction problems were observed. There are
no signs of uneven settling, i.e. the dimensions and structure of the foundations are correct. The
visible, stone-covered plinth is in a very good condition. Above the plinth a wall made of
compacted earth does not show any negative effects of climatic factors. The principle of
protecting the rammed earth from moisture by raising the walls above the stone plinth and
protecting them from direct rainfall by roof eaves has proved its worth.
Site inspections in 2018 apart from construction problems, also took into account the issues of
internal microclimate, insulating quality of partitions and energy management. In 2019 we
repeat measurements incorporating some modifications as the result of previous experiences.
The measurements were carried out at different times of the year (spring, summer, late
autumn). Field tests were carried out in the following methods:
- examination of heat transfer through external partitions with thermal imagine camera for
identification of possible thermal bridges,
- outside the building, measuring air temperature, wall surface temperature, humidity,
insolation, wind speed,
- inside - measuring air temperature and humidity, wall surface temperature and humidity.
The building has been used in various ways for over 7 years. Direct feedback from users is
important, as it shows that the internal climate is very comfortable. During the heating period,
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a wood-burning stove was sufficient as a source of heat. Solid walls and flooring were a good
heat accumulator and the heat buffer in the glass veranda accumulated heat on sunny days and
supplemented the overall heat balance.
Researches were divided into three parts: measurement of wall moisture (using TROTEC
BM 22) in summer and in autumn, measurements of room temperature and humidity (using
Testo 410-2) in summer and in autumn, and research with thermal camera (using SeeK
Thermal) in autumn.
2.4.1

Measurements of Wall Moisture Using TROTEC BM 22

The first research of moisture took place on 1st August 2018. The temperature outside was
30°C and humidity outside the building was 45%. In the case of a veranda, the humidity of the
partition wall from the outside decreased for 0,1%, which is caused by the relation between the
southern exhibition and the positions of the points inside the veranda, which is heated by the
sun during the summer period. Since the differences between the individual measurement points
outside and inside the building are of the order of several decimals, it can be concluded that the
walls will retain their stability.
The second research of moisture took place on 29 October 2018. The temperature outside
was 5,46°C and humidity outside the building was 75%. In the case of a veranda, the humidity
of partition wall from outside decreased for 0,2-0,3%. The wall moisture was higher in summer
than in autumn. The amplitude of the moisture behind the accumulating wall inside the building
about 0,1% and in veranda 0,2-0,3%. The difference probably depends on heating system in
autumn.
2.4.2

Measurements of Room Temperature and Humidity Using Testo 410-2

The first research of temperature and humidity took place on 1st August 2018. The temperature
outside was 30°C and humidity outside was 45%. The collected measurement results show
higher humidity values inside than outside the building. Using this device, the humidity on the
veranda was analysed, where the lowest percentage values of humidity were noted. The
humidity in point 7 on the veranda was even up to 19.8% lower than in other points inside the
building. It follows that a veranda with a glass wall reduces the humidity inside the building.
The veranda also recorded the highest temperatures of 39°C and 40.5°C, while in other rooms
the temperature ranged from 28.5°C to 29.8°C.
The second research of temperature and humidity took place on 29 October 2019. The
temperature outside was 5,46°C and humidity outside the building was 75%. The humidity in
veranda was the same or lower (about 1,3%) than in inside the building behind the partition
wall. The temperature in veranda was lower than in inside of the building about 0,4-0,6°C.
The amplitude of temperature in summer and in autumn in veranda was 23,6°C, but delta of
humidity was 5,5%. The amplitude of temperature behind the partition wall (accumulating wall)
was 12,3°C and delta of humidity was 11,4%.
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2.4.3

Research with Using Thermal Camera SeeK Thermal

During the visit on 29 November 2018 the SeeK Thermal thermal camera was used.
Temperature measurements with the thermographic camera were taken between 14:00-15:00.
During the analysis, the object was heated by a fireplace for about 2 hours.

Figure 3. Measurements with a thermal camera in the interior near the accumulation wall and the glass part of
the southern wall.

The wall accumulation analysis from the inside showed the temperature difference
depending on the finishing materials used. On the veranda side, in three measurement points of
the wall, the same result of 17°C was obtained. From the main room side the temperature varies
from 23°C towards the eastern elevation, through 22°C to 20°C from the western elevation side.
In case of covering the wall with wooden cladding, the temperature was higher and constant,
regardless of the measurement point, and it was 25°C.

Figure 4. Measurements with a thermal camera of a glazed curtain wall on a veranda and a floor in the interior
of the main utility part and veranda.

The difference in temperature in the veranda room and the main utility room is noticeable,
which is caused by the adopted technical and material solutions of the external partitions.
Measurements with a thermal camera show lower thermal insulation of the veranda external
partitions made as a glazed curtain wall. The glazing temperature was 14°C, and the structural
elements were 13°C. The temperature of the floor, finished with stone, in the part of the veranda
and the main utility room was comparable. The temperature of the floor on the veranda was
21°C. The purpose of this floor is to accumulate heat generated by solar radiation penetrating
through the glass wall of the veranda. The temperature of the floor in the main heated usable
part was higher and amounted to 22°C. Despite the temperature difference in the rooms and
external partitions, the floor temperature is similar in both rooms. It can be assumed that the
stone flooring accumulates the heat generated by solar radiation, as assumed at the design
concept stage.
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3 Conclusions
Research has shown that there is no significant heat transfer from the veranda space, because
no openings were introduced to allow ventilation and the doors, which were proposed in the
design to perform this function, were closed during the use by users. Due to financial reasons
external shading roller shutters, which were proposed in design, were abandoned. The research
has shown that despite the fact that the object is located at the border of the forest at the southern
orientation, the height of the trees crowns does not provide adequate shade. As
a result, the veranda is overheated. The introduction of external roller shutters would improve
the quality of the microclimate inside. At the same time, it should be emphasized that the
designed accumulation wall fulfils its function and constitutes a barrier that stores heat and
constitutes a thermal barrier between the veranda and other rooms. Openings in the
accumulation wall should be added to allow for a correct flow of heated air from the veranda
to the inside of the building. The wall made with the use of rammed earth technology meets the
conditions of thermal insulation, maintaining proper temperature both in winter and in summer.
The material is characterized by appropriate thermal capacity, ensuring thermal and humidity
stability of the building. The rammed earth technology can be implemented in Poland in the
temperate climate zone. The construction of the experimental building in Pasłęk met with
interest in the scientific and architectural environment related to ecological construction. The
building was awarded by an international jury of the European Union's Terra (In)cognita
programme for design and innovative implementation and received the Outstanding Earthen
Architecture in Europe Award in the year 2011.
ORCID
Jerzy Górski: http://orcid.org/0000-0002-4583-8144
Joanna Klimowicz: http://orcid.org/0000-0003-4950-3250
Anna Nowak: http://orcid.org/0000-0003-2952-904X
References
Ashour T., Heiko G. and Wei W. (2011). An experimental investigation on equilibrium moisture content of earth
plaster with natural reinforcement fibres for straw bale buildings. Applied Thermal Engineering, 31(2-3), 293303.
Dobson S. (2000). Continuity of Tradition: New Earth Building Terra.
Ford M., Griffiths R. and Watson L. (2005). The Sandford Inventory of Earth Buildings constructed using a GIS
Building and Environment, 40(7), 964-972.
Górski J., Klimowicz J., Kołłątaj M. and Nowak A. (2018). Mikroklimat obiektów jako efekt zastosowania
proekologicznych technologii budowlanych (in Polish), statutory work at the Faculty of Architecture in the
Warsaw University of Technology, Warsaw, Poland.
Górski J., Kelm T., Klimowicz J. and Kołłątaj M. (2017). Architektura ziemi i zielona infrastruktura (in Polish),
statutory work at the Faculty of Architecture in the Warsaw University of Technology, Warsaw, Poland.
Kelm T. (1996). Architektura ziemi – tradycja i współczesność. (in Polish) Oficyna Wydawnicza Politechniki
Warszawskiej, Warsaw, Poland.
Niroumand H., Zain M. F M and Jamil M. (2013). A guideline for assessing of criticalparameters on Earth
architecture and Earth buildings as a sustainablearchitecture in various countries. Renewable and Sustainable
Eneregy Reviews, 28, 130-165. doi: 10.1016/j.rser.2013.07.020
Nother B. (1996). Looking after earth buildingsContext, (49), 22-23.
Thiers S. and Peuportier B. (2008). Thermal and environmental assessment of a passive building equipped with
an earth-to-air heat exchanger in France Solar Energy, 82(9), 820-831.
Wallis R.K. (2012). Modern Earth Buildings Elsevier, 688-711.

442

Fire Properties
Anielkis
S.R. Batista,
of Novel
Wojciech
Cellulosic
Ł. Grześkowiak
Material Modified
and Bartłomiej
with Expandable
Mazela Graphite

XV International Conference on Durability of Building Materials and Components
DBMC 2020, Barcelona
C. Serrat, J.R. Casas and V. Gibert (Eds)

Fire Properties of Novel Cellulosic Material Modified with Expandable
Graphite
Anielkis S.R. Batista, Wojciech Ł. Grześkowiak and Bartłomiej Mazela
Faculty of Wood Technology, Poznan University of Life Sciences, Wojska Polskiego 38/42, 60637
Poznan, Poland, e-mail: anielkis.batista@up.poznan.pl, wojciech.grzeskowiak@up.poznan.pl,
bartlomiej.mazela@up.poznan.pl
Abstract. Expandable graphite (EG) is an intumescent additive known to improve fire properties of
various materials. Intumescent fire retardant (IFR) based on EG is a protection method for flammable
materials taking the attention of researchers in the past few years (Xie et al., 2000). New studies
indicate that EG is a good source of carbonization agent for effective and environmentally friendly
intumescent systems (Feng et al. 2013). Although EG is used in a growing number of IFR systems as a
blowing agent that will suppress flammable gases up to 75%, while reducing the flame spread index,
its application to cellulosic material is not so popular in the cellulose industry today (Krassowski et
al., 2012). The current study focuses on flammability, concerning cellulose modified material (CMM).
The objective of this work was CMM encrusted with EG. The general aim of the research was to
determine its basic fire resistance properties. The scope of the research included measurement of the
following parameters: time to ignition (Ti), time to flame out (Tf), total heat peak (THR) and mass loss
(ML). Samples of CMM sheets were manufactured with the use of hydropulper and rapid-koethen
devices. Two types of EG (i.e. ES20 C200 and ES100 C10) were used. Sodra Black Cellulose fibres
(700 kg/N3 ) was used in this experiment. Cellulose milling time was 30 min. and drying time of 40
min. The drying temperature of the final sheets was controlled and kept at 930 C to avoid graphite
activation. Final sheets were conditioned at room temperature at 200 C and relative humidity 60%.
With heat flux of 35 kW/m2, all samples were tested on MLC apparatus. The addition of EG was found
to increase the flame retardant effectiveness of cellulosic material. Although Ti for all CMM species
were lower than that of control samples, this fact actually favored the promotion of char forming,
which led to a longer combustion process for all CMM.
Keywords: Mass Loss Calorimeter, Char, Expandable Graphite Cellulose, Flammability.

1 Introduction
Fire retardant formulation (FRF) based on expandable graphite (EG) is a fire reinforcement
method for flammable materials taking the attention of researchers in the past few years (Xie
and Qu, 2000). As a carbon-layered crystal, EG consists of sheets of carbon atoms strongly
bound to each other (Kruger, 2017). The literature indicates that EG is a good source of
carbonization agent for effective design of environmentally friendly intumescent systems
(Feng et al., 2013). There are insufficient detailed reports in literature on the behaviour of EGintumescent fire retardants (IFR) systems concerning cellulosic materials. Although EG is
used in a growing number of IFR systems as a blowing agent that will suppress flammable
gases up to 75%, while reducing the flame spread index, its application to cellulosic material
is not so popular in the cellulose industry today. Depending on the processing methods, fire
retardants (FR) are often categorized as: Additive or non-inert compounds. Additive FRs are
often mixed inside the matrix of the polymer during its processing. These FR are usually inert
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to de polymer. Reactive FRs are dose polymerized with a resin during processing of cellulosic
material to become integrated into its molecular network structure. These FRs are also known
as chemically modified FRs (Jesbains et al., 2011). The footprints of fire retardants points to
an effective ideal fire retardant that should be thermo-stable, compact with the protected
polymer, should not change the physical-chemical properties of the protected polymer, and
have low toxicity under heat exposure or during burning (Camino and Costa, 1987). In order
to understand the dynamics of fire retardants it is required to have detailed knowledge of the
mechanism of the thermal-degradation progress related to the polymer.
Inventions related to EG are usually linked to its thermal properties, therefore related to
reducing the flammability and/or combustibility. In fact, the use of expandable graphite as
part of flame retardant agents and fire protection is being promoted by laws and regulations
that push the prohibitions of halogenated based fire retardants due to environmental concerns
related to the emission of toxic gases from the thermal degradation of halogenated base flame
retardants. The European Union is one of the organizations promoting the development of
new halogen-free flame retardants (Acuna et al., 2019). EG is a novel product in use in
various inventions. Many patents claim that EG properties can be used for diverse of
applications. Not only in the field of fire retardants where EG is used to protect fibrous
materials, but also in electrical applications. As solid composite, EG was used in
lithium/Sulphur batteries as cathode; the solid composite comprised of up to 75wt-% of
expanded graphite (Schmidt et al., 2017). Rubber melded body material with enhanced fire
resistance. In this rubber composition, one of the main components was EG (Sakai and
Nakano, 2019). EG is also used in devices of heat recovery unit, on this invention due to its
heat resistance, EG was installed as a retention membrane (Murata and Koga 2019). EG is a
multi-porous material with an average pore size distribution of about ~2 nm, this structure
allows EG to accommodate other chemical espies in between is sheets to form other
composites, it has been found to improve the conductivity properties of the polymer structure.
From the exfoliation process of expandable graphite, we can obtain a good electrically
conductive material, this is leading to several study of the electrical conductivity of some EG
composites (Celzard, et al., 2000). In solar energy storage researches, EG is one of the
materials that can enhance the thermal conductivity of solar cell. In the works of Xiao et al.,
(2013), sodium nitrate, potassium nitrate and their solution were used as the base material.
The conductivity of the based material was of about 10 wt.%. With the addition of expanded
graphite that has high thermal conductivity, the conductivity of the final material increased at
about 40%. In his work, Xiao et al., (2013) agreed that the theoretical results and the
experimental results are in agreement. It is clear that the novel product has a diversity of
fields/research areas to contribute with its property in this literature review we consider that
the thermal conductivity properties and the potentially electrical conductivity properties are at
the top potential characteristics that researchers at observing. Most articles do not address the
aesthetic aspect of their final product. When combining EG with other additives the
appearance of the final product is not so attractive the final application, especially when it is
related to coatings fire retardants formulations. Other concern is related to cost of EG. The
market to this product is growing at a fast speed. According to the Markets and Markets
(2019), the global graphite market is projected to reach 29.05 billion dollars by 2022. This is a
considerable amount that indicates that the global market is interested on these eco-friendly
products. In the academy it is conclusive that the use of EG will increase as novel products
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are developed.
To achieve this goal, the present preliminary experiment will use Mass Loss Calorimeter
(MLC) infer the thermal stability of the CMM. MLC is frequently used to explore
flammability properties of different type of materials, delivering a suitable sort of technical
data (Krassowski et al., 2012). Recent analysis of thermal stability of lingo-cellulosic
materials under controlled conditions showed the decomposition temperatures (Td) for lignin,
hemicelluloses and cellulose. This last component, with Td =3200C, char 6% by mass (Mazela
et al., 2018; Fox et al., 2012). The current study focuses on flammability concerning cellulose
component only.
The objective of this work was cellulose-based model material (CMM) encrusted with
expandable graphite (EG). The general aim of the research was to determine its basic fire
resistance properties. The scope of the research involved measurement of the following
parameters: time to ignition (Ti), time to flame out (Tf), total heat release peak (THR) and
mass loss (ML).

2 Methods
Samples of cellulose sheets were manufactured with the use of hydropulper and RapidKoethen devices. Cellulose sheets were encrusted with two types of EG (ES100 C10 and
ES20 C200). EG was dispersed in a cellulose pulp at the preparation stage. ES20 C200 had
higher amount of fine-grained fraction (90% <75µm) and thus was characterized by lower
expansion volume (20 ml/g) in comparison to ES100 C10 type. Three variants of cellulose
sheets were prepared: control sheets (pure cellulose) and sheets encrusted with graphite
ES200 C20 or ES100 C10. Sodra Black Cellulose fibres (700 kg/m3), with the following
dimensions of fibers: 2.05 mm length, 30.0 µm width, were used for the process of cellulose
sheets manufacture. The cellulose milling time was 30 minutes and the drying time 40
minutes. The drying temperature of the final sheets was maintained at 930C to avoid graphite
activation notwithstanding the manufacture of EG advises that activation temperature is at
about 3200C. The final sheets were conditioned at room temperature at 2000C and relative
humidity 60%. All the samples were subjected to MLC measurements (Fig. 1). Heat flux at 35
kW/m2 was estimated as suitable level for all tested samples. This work inferred conclusions
on flammability properties of CMM by measuring time to ignition (Ti), time to flame out
(Tf), total heat release peak (THR) and mass loss (ML). It was possible to account for all
important aspect mentioned above however it was not possible to account for repeatability the
samples. This led to some discrepancy in some sample properties (i.e. thickness) as shown on
table 1. bellow.
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Table 1. Characterization of samples.
Samples

Thickness

THR (MJ/m2)

Ti (s)

Tf (s)

THR peak (MJ/m)

Cellulose 01

0.89

9

25

94

230.72

Cellulose 02

0.88

7.2

21

79

222.41

Cellulose 03

0.89

8.3

24

89

236.05

EG200-01

1.45

6.7

22

100

98.03

EG200-02

1.4

6

21

102

89.55

EG200-03

1.4

6

20

99

97.61

EG100-01

1.4

4.4

19

108

73.32

EG100-02

1.5

4.4

19

107

75.42

EG100-03

1.4

4.8

19

123

74.96

It is clear that the mass (g) of each sample are not the same. With the standard deviation
calculated to be 0.1 for cellulose samples, 0.5 for EG200 and 0.3 for EG100.

Figure 1. MLC apparatus set at 35kW/m2.

3 Results
Ti for CMM encrusted with ES100 C10 and ES20 C200 was estimated at the average on 19.0
and 21.0s respectively. This corresponds to Ti of ES100 C10 2s faster than that of ES20 C200,
while for control samples it was estimated on 23.3 s, control samples resisted 22% more time
than the more “fragile” sample (ES100 C10). As we can confirm in the figure 2. In average, Ti
for CMM encrusted with ES100 C10 and ES20 C200 were observed to ignite 4.3 s and 2.3 s,
respectively faster than control samples.

Figure 2. Time to ignition of all samples.
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Figure 3. shows among others, the average Tf value for CMM encrusted with ES100 C10
was112.7 s, while pure cellulose and CMM with ES20 C200 did register an average of 87.7 and
108.0 s, respectively. In this case however, ES100 C10 showed a resilient behaviour, taking 28%
more time to terminate its combustion process. ES100 C10 showed earlier char formation, this
fact can help on fire protection properties.

Figure 3. Time to flame out of all samples.

Maximum THR was observe to be 229.72 kW/m2 for pure cellulose, 91.87 kW/m2 for CMM
with ES20 C200 and 71.51 kW/m2 for CMM with ES100 C10, as presented in the in figure 4.
ES100 C10 is a material that burns with a resilient behaviour. That is, this material suppresses
better the refuel of the combustion process. Less heat released from the combustion process is
redirect to the fire feed. One can observe that ES100 C10 have a more attractive fire property.

Figure 4. Time to flame out of all samples.

4 Conclusions
- The addition of EG was found to increase the flame-retardant effectiveness of cellulosic
material.
- Although Ti for all CMM species were lower than for control samples, this fact actually
favored the promotion of char forming. The improved physical characteristics of char is
achieved by increasing the amount of the insulated layer and reducing crack formation. This
aspect allowed the combustion process of CMM with ES100C10, to be 25s longer than
combustion process of pure cellulose and almost 5 s longer than that of CMM with ES20 C200.
In addition, the maximum HRR for CMM with ES100C10 was 69% smaller than its compared
value for pure cellulose and 22% smaller than its compared value for CMM with ES20 C200.
- CMM with ES100 C10 is consequently the best performing system in terms of the observed
parameters.
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Abstract. The proportion of electricity generated by coal-fired thermal power plants has been rising in
Japan as a result of the nuclear plant accident caused by the Great East Japan Earthquake of 2011.
Coal-fired electricity generation has a large environment impact, so the commercial application of
integrated coal gasification combined cycle (IGCC) has been promoted. IGCC is an efficient generating
method combining a steam turbine and a gas turbine. However, IGCC plants generate coal gasification
molten slag (CGMS) and it is necessary to establish effective utilization methods for this slag for further
promotion of IGCC technology. In this paper, the fresh properties, hardened properties and durability
of concrete containing CGMS as fine aggregate are investigated. The results show that, in comparison
with concrete using conventional fine aggregate, the air content introduced by an air-entraining agent
is lower and bleeding is increased when CGMS is used as a fine aggregate. As for the hardened
properties, compressive strength is slightly lower, while freeze-thaw resistance is significantly reduced.
In additional tests, it is found possible to improve freeze-thaw resistance by increasing the air content.
Keywords: Coal Gasification Molten Slag, Fine Aggregate, Freeze-Thaw Resistance, Integrated Coal
Gasification Combined Cycle (IGCC).

1

Introduction

With environmental concerns restricting the extraction of natural aggregate, Japan’s concrete
industry is finding it difficult to secure supplies and is pursuing research to develop substitute
aggregates. On the other hand, following the Great East Japan Earthquake and tsunami of 2011,
the composition of Japan’s electricity supply has tilted toward thermal power generation in
place of the nuclear power that was predominant. Currently coal-fired power generation
accounts for approximately 32.3% of all electricity generated in Japan. Conventional coal-fired
power stations emit tremendous quantities of CO2, so technology to reduce CO2 emissions is
needed. For this reason, the use of the highly efficient Integrated Gasification Combined Cycle
(IGCC) has been promoted. With IGCC technology, impurities from coal that has been heated
in a gasification furnace are melted and discharged as coal gasification molten slag (CGMS).
CGMS is an amorphous material formed by rapid granulation in water. Establishing a method
for effective use of this CGMS is essential to expansion of IGCC utilization. It is thought that
using CGMS as concrete aggregate could make a major contribution to society. However, no
standards have yet been established for such use of CGMS. This study investigates the potential
for use of CGMS as a concrete aggregate. The fundamental properties of concrete incorporating
CGMS are estimated and problems that must be resolved are isolated in order to provide data
for the establishment of standards for the use of CGMS aggregate.
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2

Characteristics of CGMS Fine Aggregate

The characteristics of the CGMS and crushed sand used as fine aggregates in this study were
measured and compared. Figure 1 shows electron microscope pictures of the CGMS fine
aggregate (symbol: Sg) and crushed sand (symbol: Sc) used in this study.
Table 1 gives the chemical composition of CGMS. The main components are silicon dioxide,
aluminum oxide, calcium oxide and iron trioxide, which account for more than 90% by weight,
with trace amounts of other minerals. These are all oxides of naturally existing elements.

Figure 1. (a) Coal gasification molten slag and (b) Crushed sand.
Table 1. Chemical composition of CGMS.

Detection component

Quantitative value (%)

Detection component

Quantitative value (%)

SiO2 (Silicon dioxide)

30.4

K2O (Potassium oxide)

1.2

Al2O3 (Aluminum oxide)

11.1

TiO2 (titanium dioxide)

0.8

CaO (Calcium oxide)

23.1

MgO (Magnesium oxide)

11.5

Fe₂O₃ (Iron trioxide)

21.5

SO3 (Sulfur trioxide)

0.0

2.1 Test Items
Density, water absorption, particle size distribution, bulk density and solid content, content
under 75μm sieve, and solid volume percentage for shape determination were measured
according to ISO, ASTM and EN.
In order to estimate strength and elastic deformation for use as aggregate, an aggregate
strength indicator test was developed and used to characterize the CGMS and crushed sand
aggregates. A steel container with an inner diameter of 33 mm and a height of 88 mm was used
for this test. Figure 2 outlines this aggregate strength indicator test. The test is carried out as
follows.
Under fully dried condition, aggregate with particles in the range 1.2–2.5 mm is separated
by screening. Then 60 g of the separated particles are placed in the steel container and the upper
surface is smoothed using the finger. A round steel loading bar is then inserted and a precision
universal testing machine used to apply a compressive load P (kN) while at the same time
measuring the displacement d (mm) using a laser displacement gauge. Loading continues up to
a maximum of 90kN. A load-displacement curve is drawn from the measurements and the
gradient of the proportional section of the curve is calculated as the aggregate strength index
using Equation (1) below.
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I(kN / mm) = P(kN) / d(mm)
(1)
where: I is the aggregate strength index value;
P is the compressive load; and
d is the displacement.
After the test, the particles are screened through a 0.30 mm sieve and then a 0.15 mm sieve,
and the 0.30 crushing value (%) and 0.15 crushing value (%) are calculated from the quantity
passing each sieve. These crushing values are calculated using the following equations (2) and
(3).
0.30 crushing value = B(g) / A(g) × 100 (%)
0.30 crushing value = C(g) / A(g) × 100 (%)
Where: A is the weight of crushed aggregate;
B is the weight of aggregate passing the 0.30mm sieve; and
C is the weight of aggregate passing the 0.15mm sieve.

(2)
(3)

Compressive load

φ30
Laser displacement meter

88mm
Aggregate
φ33
Figure 2. Outline of aggregate crushing test for strength index value.

2.2 Test Results
Table 2 shows the standard test results for the CGMS fine aggregate and crushed sand. Figure
3 shows the particle size distributions of the two fine aggregates as determined by sifting. The
CGMS fine aggregate used in this study had a larger density of 3.08g/cm3 in saturated surfacedry condition compared with crushed sand. Its water absorption rate is 0.70%, which is lower
than that of crushed sand.
From these results, it is inferred that CGMS fine aggregate has a smooth surface and it is
possible to reduce the restrained water volume on the surface of the aggregate. This leads to the
expectation that the unit volume of water needed for a given slump can be reduced as compared
to crushed sand. As the solid content and the solid volume percentage for shape determination
are almost the same as the crushed sand values, it is thought that CGMS fine aggregate has
appropriate particle shapes and sizes. From these data, improved fluidity can be expected for
fresh concrete made with CGMS fine aggregate.
Figure 4 shows the relationships between compressive load and displacement in the
aggregate strength indicator test. The resulting strength index values are shown in Table 3.
These results show that CGMS fine aggregate has a higher strength index value than crushed

451

Takafumi Watanabe, Hiromi Fujiwara, Masanori Maruoka and Koji Satori

sand, resulting in greater resistance to deformation under external force. Moreover, the crushing
values indicate that CGMS fine aggregate is more brittle than crushed sand.
Table 2. Characteristics of CGMS fine aggregate and crushed sand.

Test method
Density in saturated surface-dry condition

3.08 2.64
ISO 7033:1987 3.06 2.60

g/cm

Water absorption rate

%

Bulk density

kg/L

Solid content

%

Content of materials finer than 75μm sieve

%

ASTM C117

Solid volume percentage for shape determination

%

EN 933-3

0.70 1.33
ISO 6782:1982

2.05 1.75
66.9 67.3
4.7

2.7

57.1 56.7

ISO 6274:1982 2.50 2.73

100

Sg
Sc
recommended range of JIS

0,3
0,6
1,16 2,36 4,75
Mesh opening size of sieves (mm)

Compressive load (kN)

Accumulated passive raito (%)

Sc

3

Absolute dry density

100
90
80
70
60
50
40
30
20
10
0
0,15

Sg

3

g/cm

Fineness modulus

Test value

80
60
40

0

9,5

Figure 3. Particle size distribution of fine aggregates.

Sg

20

Sc
0

5

10

15

20

25

Displacement (mm)

Figure 4. Relationship between compressive load
and displacement.

Table 3. Aggregate strength index value and aggregate crushing test results.

Aggregate strength index value: I
Crushing value 0.30 (%)
Crushing value 0.15 (%)

3

Sg
16.9
27.6
21.7

Sc
13.9
21.7
13.0

Fundamental Properties of Concrete Using CGMS as Fine Aggregate

3.1 Materials
Ordinary portland cement (symbol: C, density: 3.16 g/cm3) was used as binder. Crushed sand
(Sc) and CGMS fine aggregate (Sg) were used as fine aggregates. Crushed stone (symbol: G;
density in saturated surface-dry condition: 2.61 g/cm3) was used as the coarse aggregate.
Additionally, a high-performance water reducing admixture (symbol: SP), an air-entraining
admixture (symbol: AE) and a deformer (symbol: DF) were included as admixtures.
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3.2 Mixture Proportions
Table 4 shows the mixture proportions of the concrete used to cast specimens. The water-cement
ratio was fixed at 50%. Sand fine aggregate was replaced by CGMS at volume ratios of 0%,
50% and 100%; the replacement ratio is expressed as Sg/S. The target values of fresh properties
were 12.0±1.5 (cm) for slump and 4.5% ± 1.5% for air content. The rate of high-performance
water reducing admixture addition was also fixed to 0.75% by mass, after an initial study in
which the target values of fresh properties were obtained at this addition rate with Sg/S=100%.
In order to obtain the target values at Sg/S=0% and Sg/S=50%, the unit volume of water was
adjusted so as to carry out evaluations based on the unit volume of water that satisfied the target
values, while keeping the SP addition rate constant.
Table 4. Mixture proportioning of concrete for fresh property testing.

W/C
(%)

s/a
(%)

50

47

W/C
(%)
50

Sg/S
(%)
0
50
100

Sg/S
(%)
0
50
100

W
178
180
174

Unit content (kg/m3)
C
Sc
Sg
G
356 824
0
926
360 410 478 921
348
0
971 935

Admixture addition rate (C×%)
SP
AE
DF
0.05
0.05
0.75
1.40
0.05
2.40
0.05

Table 5. Results of fresh properties tests.

Unit water
(kg/m3)
178
180
174

Slump
(cm)
12.0
12.0
11.5

Air content
(%)
4.0
4.7
3.9

Temperature
(℃)
20
27
27

Bleeding rate
(%)
7.00
6.97
9.24

3.3 Test Methods
The fresh properties measured were concrete slump, air content, concrete temperature, and
bleeding ratio. The hardened concrete was tested for compressive strength. Durability was
investigated by carrying out freeze-thaw tests, drying shrinkage tests and accelerated
carbonation tests. These were all in accordance with ISO and ASTM.
3.4 Test Results
Table 5 shows the results of the fresh properties tests. The bleeding rate was found to increase
at higher Sg/S ratios. With Sg/S = 100%, the unit water volume was lower but the bleeding rate
increased. This is thought to be because the CGMS fine aggregate has a smooth surface and
low water absorption rate, so there is a greater surplus of water when the mix includes more
CGMS. And also, it is considered that water content increased. Then the same slump value
could be obtained at lower unit water amount.
Figure 5 shows the results of the compressive strength tests. Concrete with CGMS fine
aggregate has a slightly lower strength compared with concrete without it. This is considered
to be because CGMS itself is not as strong as crushed sand, noting that the crushing values of
CGMS fine aggregate are larger. Further, with the increased bleeding, it is also considered that
voids in the interfaces with coarse aggregate particles increased, resulting in weaker interface
bonding between coarse aggregate and cement paste.
Figure 6 shows the results of the freeze-thaw tests. Concrete including CGMS fine aggregate
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Figure 5. Results of compressive strength test.
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showed very poor frost resistance. It is thought that this is because of the weaker interface
bonding between paste and coarse aggregate particles, resulting from the high bleed rate. The
expansion pressure of freezing water in the voids causes this reduced resistance. There is a need
for studies aimed at improving the freeze-thaw resistance of concretes containing CGMS fine
aggregate.
Figure 7 shows the results of the drying shrinkage tests. With higher Sg/S, drying shrinkage
strain decreased. The reason for this is considered to be that, since the aggregate strength index
of CGMS fine aggregate is larger, its deformation resistance is larger. With a higher Sg/S ratio,
the unit water content decreased. As a result, drying shrinkage was reduced.
Figure 8 shows the results of the accelerated carbonation test. With a higher Sg/S ratio, the
carbonation rate increased. More bleeding occurred at higher Sg/S, so a coarser microstructure
formed in the concrete, allowing CO2 to enter the concrete more easily.

4
3
2
Sg/S=100%
Sg/S=50%
Sg/S=0%

1
0

0

13
Age (week)

26

Figure 8. Results of accelerated carbonation test.

Experiment to Improve the Frost Resistance of Concrete Including
CGMS Fine Aggregate

The results of the freeze-thaw test show that the resistance of concrete made with CGMS fine
aggregate is significantly reduced. A possible method of improving freeze-thaw resistance by
increasing the air content was examined.
Table 6 shows the mix proportions of the concrete used in this experiment and the results of
the fresh properties tests.
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The water-cement ratio was fixed at 50%. Sand fine aggregate was replaced by CGMS at a
volume ratio (Sg/S) of 100%. The target values of fresh properties were 12.0 ± 1.5 (cm) for
slump and the three values of air content: 4.5 ± 1.5%, 6.0 ± 0.5% and 7.5 ± 0.5%. As an
additional test, the air-void spacing factor was measured by the linear-traverse method. This
test was implemented in accordance with ASTM C 457-98.
Table 6. Mixture proportioning of concrete for freeze-thaw testing and results of fresh property tests.

Symbol W/C
(%)
Sg-4.5
Sg-6.0
Sg-7.5

W
174
171
169

50

Unit content
(kg/m3)
C
Sg
348 971
342 978
338 983

G
935
942
947

Admixture addition
rate (C×%)
SP
AE
DF
2.40 0.05
0.75 1.40 0.05
2.20 0.05

Air
content
(%)
3.9
5.5
7.7

Slump
(cm)

Temperature
(℃)

11.5
10.5
13.0

27
27
28

4.1 Test Results
Figure 9 shows the results of the freeze-thaw test and Figure 10 shows the relationship between
air-void spacing factor and durability factor. As can be seen in these results, freeze-thaw
resistance was greatly improved by increasing the air content.
The experiment demonstrated that the entrainment of air in concrete containing CGMS fine
aggregate is low during mixing. In order to obtain the target air content, it was necessary to add
a large amount of AE admixture. These results indicate that CGMS contains a large amount of
non-combustion carbon and this will require further study.
The air-void spacing factor was lower when the target air content was adjusted to 6.0% and
7.5% than when it was adjusted to 4.5%. This is because the number of air voids increased as
the amount of air increased. And it is thought that bleeding rate was suppressed by increasing
air content.
These results demonstrate that the freeze-thaw resistance of concrete containing CGMS fine
aggregate can be improved, but further study is needed.
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Figure 9. Results of freeze-thaw test.
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Figure 10. Relationship between air-void spacing
factor and durability factor.
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5

Conclusions

Experiments to determine the basic properties of concrete containing CGMS as fine aggregate
showed that fluidity improved while compressive strength decreased slightly. In other results,
drying shrinkage strain was reduced while carbonation resistance decreased.
In terms of durability, tests of freeze-thaw resistance were not very good. However, freeze-thaw
resistance was shown to be improved by increasing the air content of the fresh concrete.
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Abstract. This paper introduces the ForestValue research project CLICKdesign – delivering

fingertip knowledge to enable service life performance specification of wood. The consortium
is working on a primary innovation to move from the complex, fragmented and general to the
easy-to-use, consolidated and specific by provision of a digital tool for specifiers. Other
materials tackle this and provide designers and architects with software. The specification of
performance of wood products is complex and fraught with inconsistency and requires use of
multiple platforms for data, experience, standards and national recommendations.
CLICKdesign will provide a tool that has within it the decades of research, the complexity of
the standards specification systems and the variation of approach due to tradition, materials
and culture across Europe and beyond. A simple tool for nonexpert public users will be
available as well as a tool accessible to professional users that will be refined with industry to
ensure relevancy and accelerate uptake and use.
Keywords: Durability-Based Design, Knowledge Transfer, Modelling, Performance, Service Life
Planning.

1 Introduction
Concrete, steel and polymeric sectors deliver software to architects and students enabling easy
performance-based specification and design. It also enables easy teaching of design best
practice and informs learning gathered by product manufacturers. This does not happen for
wood comprehensively in Europe, though specific initiatives e.g. UK Structural Timber

doi:10.23967/dbmc.2020.107
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Association guidance (www.structuraltimber.co.uk) and the German Carpenter Association’s
Guideline on Building Facades, Terrace decking, and Balconies (BDZ 2011, 2016) do exist. In
addition, technical specifications are integrated into increasingly used Building Information
Modelling (BIM) and life cycle analysis (LCA) which includes service life data. Service life
planning and performance classification are thus core issues in the building sector underpinning
material/product specification and use. The absence of durability performance-based
specification for wood is currently a limit of opportunity. Well-functioning ‘performance
models’ are essential to predict the service life and functionality of buildings.

2 Project CLICKdesign Context
2.1 Analysis of the Problem
The established specification of wood is not performance based, historically standards refer to
ineffectual terms to bridge the performance gap such as “a reasonable working life”. Wood
engineers utilising Eurocode 5 find the ineffectual language doesn’t stand scrutiny and is of
little value. Awareness of the cultural legacy of wood in construction around us, traditional uses
and skills are constant reminders of the enduring possibility of wood if knowledge is applied,
including knowledge of species and material qualities, knowledge of design details and
construction skills, knowledge of local conditions, climatic or other challenges. This knowledge
is fragmented, localised and in some cases difficult to analyse and use especially by non-wood
experts. This is the problem. The solution is to put this knowledge at the fingertips of the
specifier, in their language so more can meet their ambitions to deliver low carbon construction,
through performance based design with wood.
The existing decision logic of specification of durability, and implied performance, considers
first the suitability of a timber species for use in construction. This first considers the natural
durability of the chosen timber species (EN 350: 2016) and notes the intended end use (EN 335:
2013), e.g. Use Class 4 for a fence post. EN 460: 1994 compares the requirements of Use Class
with the natural durability and indicates whether natural durability is sufficient for the end use
or whether preservative treatment is required. The European Standards related to specifying
preservative treated timber, EN 351-1: 2007 and EN 351-2: 2007 require the specification to be
written in terms of the end results of the treatment process i.e. penetration and retention in the
wood of a preservative formulation found to be effective in a series of standard biological test
methods laid down in EN 599-1: 2013. The specification of service life has evolved around the
end results achieved following preservative treatment with service life referred to in an
unquantified and ambiguous way using terms such as “reasonable working life” or “satisfactory
performance”. Standards that started to define desired service lives were a step in the right
direction as the desire for information on performance of wood products grew in part buoyed
by the application of LCA for construction products that pivots on their service life
requirements. In Germany, France and UK there are national documents that set out frameworks
for performance. In the UK the British Standard BS 8417: 2011 sets out a framework for
specifiers to interpret the European standards and to base specifications on penetration and
retention requirements linked to treated products and ‘desired service life’.
The established wood species and treatment combination for a specific use class works well
but has gaps that miss many additional opportunities for timber in construction through good
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design detailing, the aesthetic performance, other tools to enhance natural properties, the impact
of surface cracks on performance, surface roughness and the more subtle moisture dynamic of
the wood material.
Different types of performance models have been established for various building materials
but cannot be transferred to wood-based materials. For performance modelling of wood
products biological agents need to be considered with particular attention for mould, decay
fungi, termites and other insects as well as the strong societal values of regional vernacular,
skills and traditions that only wood as a material brings. Different approaches to adequately
reflect the influence of biotic and abiotic factors on the performance of wood have been
reviewed and evaluated (Brischke and Thelandersson 2014) with respect to their usability in
the building trade. They found that efforts in developing performance models for both fungal
decay and mould growth have been intensified in recent years (e.g. MacKenzie et al., 2007, de
Freitas et al. 2010, Viitanen et al., 2010, Isaksson et al., 2013, Niklewski et al., 2016). A high
heterogeneity among the numerous attempts became visible, different strategies have been
followed, and were roughly distinguished according to the respective objectives, governing
variables (e.g. mass loss, strength loss, remaining strength, decay ratings, service life, aesthetic
appearance), data sources and the resulting level of accuracy.
A framework of how exposure, dimension, design details, and the material-intrinsic ability
to take up and release water can be linked to model the moisture risk in wood products and thus
performance is the central need. First attempts prepared using various dosimeter models were
made in previous European research projects, namely the WoodWisdom-Net projects
WoodExter and DuraTB, the Swedish WoodBuild program, and the FP7 project
PerformWOOD. Good progress has been made during recent years in service life planning and
performance prediction of wood-based components and structures, but as repeatedly became
evident, the complexity of performance is still not captured in these processes.
The cross-links and interactions between exposure models, different decay and degradation
models, and material resistance models need to be deeply elaborated to allow their utilization
for comprehensive performance prediction. Furthermore, the degradation processes described
and forecasted with the help of models need to be assessed for the respective purpose. Hence,
one needs to distinguish between aesthetic performance, functional performance, mechanical
performance and other aspects of performance (Jones and Brischke 2017). In particular, the
effect of fungal, bacterial or insect damage on the overall mechanical stability of wooden
structures is still neither fully understood nor adequately modelled for engineering purposes.
2.2 Beyond the State-of-the-Art
Project CLICKdesign is shown schematically in Figure 1 and includes:
− Forecasting surface aesthetic changes developing the kinetic and/or intensity of such
changes due to location, microclimate, architectural design and materials used.
− Development of damage spatial distribution significance on mechanical performance.
Studying spatial distribution of fungal decay and its interaction with moisture transport
and resulting gradients in buildings.
− Development of a termite/insect performance measure for the first time in Europe.
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− Robust integrated performance classification based on the whole set of external
parameters for the first time the foundation established for decay, material and integrity
aspects, aesthetic limits and performance and termite/insect performance aspects.
− Providing a CLICKdesign tool that utilises European standards, the latest research
findings and wood databases such as the IRG Durability Database (http://www.irgwp.com/durability) and puts it at the fingertips of specifiers and users. This will increase
market confidence with users for selecting wood as a reliable product and enhance an
optimised performance of timber in the built environment.
− Features wholly not integrated into specification now. The significant variations due to
climate change present changes to exposure dose for wood products and the distribution
and locations of wood destroying organisms e.g. termite risk zones in Europe.
− Inspiring new wood and wood-based products using the tool, supported by training
outreach, and creating business opportunities for industries to innovate.

Figure 1. CLICKdesign project schematic showing proposed work packages.
The project builds on the foundations of the basic models and previous research work that
comprise the existing knowledge landscape (Figure 2). Existing performance classification
research has drawn together aspects of design detailing, climate and material and looked at
forecasting performance compared to performance observed for construction products in
buildings across Europe (PerformWOOD, WoodExter). Whilst this worked well as a rule of
thumb it was missing two key features: aesthetics and insects.
In addition, modelling the effect of fungal decay on mechanical properties of wooden
structures is being made, going beyond the simple limit states of previous work e.g. ‘onset of
decay’ or ‘failure’. Including these features has never been done before alongside the relatively
mature model position that we have established in Europe for materials, strength, decay, design
and performance.
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Figure 2. Different elements of performance modelling addressed in CLICKdesign.

For exterior cladding and other applications of wood and wood-based products the
acceptance of changes in aesthetics (weathering, colour change, mould) is the key customer
parameter (Gobakken 2009, Gellerich et al., 2017). Forecasting of surface changes in terms of
discoloration, roughness, overall appearance is therefore indispensable and needs to be linked
with other performance models. This is especially critical for Use Class 3 (outdoor aboveground) wood performance classification and for pan-European uptake.

461

Ed Suttie, Christian Brischke, Eva Frühwald Hansson, Stefania Fortino, Jakub Sandak, Magdalena Kutnik, Gry
Alfredsen, Christophe Lucas and Eric Vieillemard

Different parameters need to be taken into account in order to define the risk for a wooden
element of being degraded by biological agents, including termites and other insects.
Subterranean termites are widely distributed in warm climates across the countries of southern
Europe, both in rural and in urban areas. The most serious harm caused by subterranean termites
to buildings is the degradation of the wooden elements, in particular those ensuring the integrity
of the building such as the timber frame, load-bearing elements and structural panels.
Key to the success for CLICKdesign is that the tool finds application across Europe’s rich
diversity of geographic, climatic and cultural regions. The integration of climatic conditions
(meso, macro and micro) into the models is fundamental and one approach where this is being
tackled. The weather through experiences in projects such as DuraTB and Woodlife are
translatable into microclimate in the wood and its response. A relationship connecting climate
parameters to the material climate makes it possible to analyse a wide range of regional climates
through use of open meteorological databases such as ECMWF www.ecmwf.int. Dosimeter
approaches developed to describe the interrelationship between material-climatic parameters
(exposure dose), material-specific resistance (resistance dose) and wood degradation (response)
can then be used to study the regional-specific performance. The same methodology is also be
employed for predicting degradation by termites and other insects. For that purpose, input
variables need to be different and will be sought from existing field test data and short-term
resistance tests performed within CLICKdesign. Success will be possible using a structured
approach that couples models and enables direct localisation for the user. In addition, factors
that differ between countries and regions of Europe we are cognisant of fostering the different
traditions of use of wood, differences in expectations on service life and warranties, differences
in cultural aspects towards product maintenance and language accessibility.
2.3 Project Facts
Project CLICKdesign started 1 March 2019 and runs for 3 years. A consortium of 8 European
organisations is delivering the core research components of the project comprising building
physics, wood science, BIM, service life modelling and entomology. It also has a direct link to
the expert research team in FPI Innovations, Canada to look at global application and a diverse
pan-European industry group of 18 members who will help pilot and bring together the
modelled components of performance of wood in use to develop an open source tool.
2.4 Project Highlights to Date
Whilst additional DBMC papers (e.g. Digital transformation of biological processes and
building design theory) are reporting on some of the detail a summary of highlights against
work package (WP) are shown in Table 1.

3 Conclusions
The specification of performance of wood products is complex and fraught with inconsistency
and requires use of multiple platforms for data, experience, standards and national
recommendations. CLICKdesign will provide a tool that has within it the decades of excellent
research, the complexity of the standards specification systems and the variation of approach
due to tradition, materials and culture across Europe. The tool will be accessible to professional
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users and will be refined with industry to ensure relevancy and accelerate its uptake and use.
The project supports “fit for purpose” product specification and enables specifiers and users to
understand the impact of their choices on performance.
Table 1. Summary of project CLICKdesign highlights up to November 2019.

Work Package
1 Position existing
models
2 Clarifying
missing features
3 Aesthetic
performance
4 Decay and
Integrity
5 Termite/insect
performance
6 Validation of
models and
specification tool
7 Dissemination
8 Project
management

Achievements
A full review of existing models has been completed and an analysis
extracting useful features completed.
Research on missing features from existing models and testing of these
features that impact on performance is underway including splash water
effects, cracking, microclimate, vegetation and driving rain.
Definition of a numerical parameter for aesthetic quality is underway
alongside limit state definitions. A tool is ready that can be used to
simulate changes in visual appearance due to weathering for facades.
Hygrothermal models are being refined to include aspects of the spatial
distribution of decay in wood to understand impact on structural
integrity and enable deeper finite element analysis.
A measure of the performance of relevant construction materials with
regards to insect degradation is being laboratory tested to help define the
performance measure.
A specification tool has been developed to enable focus on its adaption
and the inclusion of aesthetic and insect models.
Through conferences and articles over 15,000 construction
professionals, regulators and product manufacturers have been reached.
A new self-funding partner the University of Vigo has joined the project
which brings new expertise and includes Spain into our European reach.
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Abstract. This study explores the permeability of the partial replacement of cement using ultra-fine
reactive fly ash (URFA) and silica fume. URFA is an industrial by-product from thermal power plants
and it has a smaller spherical particle size (0.1 µm to 10 µm) than the general fly ash. The fixed
water-to-binder ratio was 0.45 and the replacement of cement was used as 5% and 10%. The
combinations of URFA and silica fume in composites were used as 5% URFA plus 5% silica fume and
8% URFA plus 2% silica fume. The results show that the inclusion of URFA was enhanced to increase
the workability, and help to produce pozzolanic reaction and C-S-H colloids. The colloids were filling
the pore structures to increase the compactness of specimen, which is consistency with the increased
the compressive strength and reduction of the dry shrinkage. It also was reduced the chloride ion
penetration and non-steady state migration coefficient, which is helpful for improving the mechanical
properties and permeability. The composites with 10% URFA had a better performance. For blending
specimen, it was also a tendency to improve mechanical properties and permeability; and the
combination of 5% URFA and 5% silica fume in composites enhanced better performances.
Keywords: Ultra-Fine Reactive Fly Ash, Chloride Diffusion, Durability, Pore Structures.

1 Introduction
Fly ash is a popular pozzolanic material with high SiO2 and Al2O3 content. When cemented
with water, the cementing performance is relatively low (Yang et al., 2018), but it will be
activated by hydroxide ions (OH-). Fly ash is usually added to cement as a pozzolana because
it can be cured in wet conditions or underwater and further protect hardened materials from
chemical attack. In most cases, fly ash is obtained from thermal power stations and is recycled
as a pollution control measure, usually blended with ordinary cement to improve cement
performance (Li et al., 2014).
Fly ash is sufficiently reactive when it reacts with water and CaO in the cement (Telesca et
al., 2017). At room temperature, C–S–H gels are formed in the internal structure of the
mixture, thereby forming hydraulic cementitious materials (Temuujin et al., 2009; Duan et al.,
2017). Fly ash is also used to improve the performance of concrete in the fresh and hardened
state, for improving workability, attaining high compressive strength at the early age,
achieving long-term compressive strength, low drying-shrinkage and creep coupled with
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excellent durability properties (Zuquan et al., 2007; Xu et al., 2017; Ahmad et al., 2019; Tan
et al., 2019).
Several prominent researchers have devoted time to exploring the characteristics and
application of fly ash in cementitious materials over the years and the general categories in
which fly ash can be grouped regarding its effect on concrete includes morphological, active
and micro-aggregate effects (Aiqin et al., 2003; Aiqin et al., 2004; Li et al., 2013; Gardner et
al., 2015; Xu et al., 2017). In concrete, fly ash has several functions as the concrete ages. In
the early age stage, fly ash can act have a physical effect in that it fills up spaces in the
microstructure of the concrete and it is also involved in the formation of ettringite. In the long
term, they mainly participate in the hydration reaction in the form of silicon-aluminum
binders (Shi et al., 2006). At a later age, fly ash has two effects: it enhances the cohesion
between molecules within the particle structure, and also absorbs the Ca(OH)2, reducing its
effect (Kolias et al., 2005; Brostow et al., 2016). However, Most of the molecules of the fly
ash remain un-reacted even after a long period of curing, so fly ash may also be considered as
a composite material with the ash particles serving as reactive micro-aggregates (Nadesan et
al., 2018). Structurally, fly ash is composed of lots of fine spherical micro-spheres, which are
large glassy particles existing in a crystalline internal structure of fly ash. Due to density
difference, the internal molecules of fly ash which are also called micro-beads or microspheres, are classified as sinking beads and floating beads (Li et al., 2014). These microspheres are obtained from pulverized fuel ash (also called pulverized fly ash in some
countries).
In the past decade, ultra-fine reactive fly ash (URFA) having very fine particles have been
extracted by processing conventional fly ash, and it is becoming increasingly popular in the
construction industry (Bagheri et al., 2013). These fine particles often have a similar chemical
composition with the conventional fly ash, but it has reduced surface area per particle. Recent
research has shown that URFA exhibited better pozzolanic activity and more desirable
performance in concrete than normal fly ash (Elsayed et al., 2011; Duan et al., 2018; Han et
al., 2019). When heated, micro-spheres heat up and crackle until they burst at about 260°C;
their shells start to splinter at about 1100°C and finally collapse at about 1300°C. The
superfine particles obtained can then be used to partially replace Portland cement in
cementing material systems and their particulate structures. This study aims to determine its
suitability as a pozzolanic additive to improve the performance of cement-based materials.

2 Experiments
2.1 Materials
Type I Portland cement was used in this study and it had a specific gravity of 3.15 and
fineness of 3310 cm2/g. The fine aggregates are natural river sand, it has an SSD specific
gravity of 2.69, an absorption of 1.45% and a fineness modulus of 2.73. The specific gravity
and specific surface area of silica fume is 2.20 and 22500 m2/kg, respectively. Silica fume
having an average content of 94.1% silicon dioxide was used in powder form. URFA was
provided by TRIAXIS Corporation from a power plant in Inner Mongolia. The specific
gravity and specific surface area of URFA is 2.20 and 3380 m2/kg, respectively. URFA has an
average content of 49.11% silicon dioxide, 28.07% aluminum oxide and 8.84% calcium oxide.
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The SEM photo of URFA particles is shown in Fig. 1 and the average particle size was
between 0.1 µm to 10 µm.

Figure 1. SEM photo of URFA.

2.2 Mix Design and Test Methods
According to the ASTM C109 specification, the water/cementitious ratio (w/c) of the mortar
specimens was kept constant at 0.45, while the mass ratio of the cementitious /fine aggregates
was 1: 2.75. Table 1 lists the mix designs for all mixes. The specimens were numbered using
the letters and numbers to indicate the kind of replaced materials and dosage of the replaced
materials. OPC, F, S denotes ordinary Portland mortar, URFA and silica fume; 5 and 10 refers
to specimens containing 5% and 10% replaced materials. Table 2 presents the tests performed,
the dimensions of the specimens and the standards.
Table 1. Mix design (kg/m3).

Mix no.

Water

Cement

URFA

Silica fume

OPC
F5
F10
S5
S10
F5S5
F8S2

242.6
243.0
244.0
241.9
240.9
242.1
243.4

547.9
520.5
493.1
520.5
493.1
493.1
493.1

0
27.4
54.8
0
0
27.4
43.8

0
0
0
27.4
54.8
27.4
11.0

Fine
aggregates
1506.7
1496.6
1486.5
1496.6
1486.5
1486.5
1486.5

SP
4.0
3.6
2.5
4.7
5.7
4.5
3.2

Table 2. Test methods.

Test Target
Fresh properties
Mechanical
properties
Durability

Flow test
Compressive
strength test
Drying shrinkage
test
Rapid chloride
penetration test

Specimen
Dimensions (mm)
-

Referenced Standard
ASTM C230

50 × 50 × 50

ASTM C109

285 × 25 × 25

ASTM C596

100 × 50

ASTM C1202
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Micro-structure
observations

Mercury intrusion
porosimetry test
SEM observation

10 × 10 × 1

ASTM D4404

10 × 10 × 1

ASTM C1723

3 Results and Discussion
3.1 Flowability
The results of flow test for all mixes are summarized in Table 3. The fluidity of the mortar
specimens was controlled at 1103% using appropriate amount of superplasticizer. The
results indicated that the dosages of superplasticizer had a decrease trend with the increase in
the replacement of URFA due to the due to its perfect spherical shape and micro-sized
particles. However, the flowability had a decrease trend with the increase in the inclusion of
silica fume due to its larger surface area. The desired flow and rheological properties will
determine the optimal design mix that 10% URFA in mortar specimens should be used. The
combination of silica fume and URFA in mortar specimens still had great flowability and
F8S2 specimens had lowest dosages of superplasticizer at the desired flow.
Table 3. Example of the construction of a table.

Mix no.
OPC
F5
F10
S5
S10
F5S5
F8S2

Flowability (%)
112.3
111.8
110.0
109.8
108.3
110.8
109.8

Superplasticizer dosages (wt.% of cement)
0.73
0.65
0.46
0.85
1.04
0.82
0.58

3.2 Compressive Strength
The results of compressive strength test for all mixes are illustrated in Figure 2. As expected,
the specimens containing 10% silica fume had highest compressive strength for all ages. The
strength development trend of F10 specimens was closed to that of the S5 specimens.
Compared with silica fume, URFA has a much smaller specific surface area, so it can increase
bulk density without excessively increasing the total solid surface area. It is able to fill the
voids in cement to increase the packing density of the cementitious materials. The
compressive strengths of the F5S5 specimens were higher than that of the S5 specimens and
F8S2 specimens; and the compressive strengths were lower that of the S10 specimens. URFA
is considered to be a good filler for increasing parking density without excessively increasing
surface area. It has a particle size of micrometer-scale and is spherical in shape. It is finer than
cement and ordinary fly ash. Inclusion of URFA showed improved properties in compressive
strength due to the active pozzolan reaction and filling effect.
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Figure 2. Compressive strength development curves.

3.3 Drying Shrinkage
The results of drying shrinkage test for all mixes are summarized in Figure 3. It indicated that
drying shrinkage of the specimens containing URFA was lower than that of the specimens
containing silica fume and control specimens. URFA can efficiently inhibit the dry shrinkage
of mortar specimens due to the smaller specific surface area. URFA has a late hydration
reaction and the dispersion effect on the cement particles can reduce the total hydration heat
of the paste, and improve the drying shrinking performance.
0

OPC
F5
F10
S5
S10

Dry Shrinkage (%)

-0.04

F5S5
F8S2

-0.08

-0.12

-0.16
0

7

14

21

28

56

Age (days)

Figure 3. Dry shrinkage curves.

3.4 Chloride Penetration
The results of rapid chloride penetration test for all mixes are illustrated in Figure 4. The
results indicated that the total charge passed of control specimens was higher than 10000
coulombs and the operated temperature of control specimens was higher than 90 ˚C. The test
of control specimens has been stop because the temperature of the solutions should not be
allowed to exceed 90 ˚C in order to avoid damage to the cell and to avoid boiling off the
solutions. As expected, the specimens containing 10% silica fume had lowest total charge
passed due to the finer particles. The trend of F5S5 specimens is closed to that of S5
specimens, which is due to the pore structure modification. Finer silica fume and URFA
particles mixed into the mortar specimens improved the compactness through pozzolanic
reactivity and pore filling effect. It may be as mainly hydrated reaction that Ca(OH)2 reacted
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with SiO2 or Al2O3 to form C-S-H or C-A-S-H colloids.
10000

28 Day
56 Day

Total Charge Passed (Coulombs)

9000
8000
7000
6000
5000
4000

High

3000
2000
1000

Moderate
Low
Very low

N/A

0

OPC

F5

F10

S5

S10

F5S5

F8S2

Mix (No.)

Figure 4. Total charge passed histograms.

3.5 Pore Structures
The MIP test results of the specimens containing URFA and control specimens are shown in
Fig. 5. It indicated that the cumulative intrusion of specimens containing URFA significantly
decreased that the control specimens. It was confirmed that the finer particles of URFA was
useful to the pore structure modification, which is in agreement with the results of chloride
penetration tests and compressive strength tests.
0.012

OPC

Incremental Pore Volume (mL/g)

0.011

F5
F10

0.01
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0
100000

10000

1000

100

10

1

Pore Diameter (nm)

Figure 5. Intrusion pore volume versus pore diameter.

3.6 SEM Observations
It took SEM images of the various specimens at 28 days at 5000x magnification as illustrated
in Figure 6. The results showed small porosity and smooth surface in the URFA or silica fume
specimens than in the control specimens. Many pores in the URFA or silica fume specimens
were filled with ettringite and C-S-H gel. C-S-H gel is the product of the hydrated reaction
between water and tricalcium silicate or dicalcium silicate. Finer particles are needed to fill
these pores. As shown, most of the pores have been filled with ettringite and C-S-H gel,
which presents a dense appearance and reduces the chance of penetration of harmful
substances. However, an increased amount of URFA may cause a partial reaction in the
hydration process. Non-react particles of URFA can be seeing in the surface of the microstructures. URFA is excellent cementitious filler for improving the flowability and strength of
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cement pastes as shown in SEM photos and it needs more curing age to keep a continued
hydration reaction.

(a) control specimens

(b) S10 specimens

(c) F10 specimens

(d) F5S5 specimens
(e) F8S2 specimens
Figure 6. SEM photos for each mixtures (x5000).

4

Conclusions
-

-

In order to produce a balance with a desired increase in packing density and
suppression of an increase in undesired surface area, URFA microspheres thinner than
cement but thicker than silica fume would be a better choice.
URFA has a particle size of micrometer scale and is spherical in shape. It is finer than
cement and ordinary fly ash. The specimens containing URFA can increase the
packing density so as to enhance the performance of mortar specimens. It also can
significantly decrease the dry shrinkage.
SEM observations and MIP analysis confirmed that the finer particles of URFA were
useful to the pore structure modification, which is in agreement with the results of
chloride penetration tests and compressive strength tests.
Environmental friendly and helps to reduce the carbon footprint produced in cement
production, since it can be used to replace cement in cement mixtures, and from a life
cycle assessment perspective. It is feasible to consider URFA as a relatively CO2 free
resource.
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Abstract. One of the design team’s tasks is assuring that their project has a low negative impact on the
environment. This comes from regulations as well as expectations of direct benefits (reduction of
operating cost, the project’s improved image in the eyes of the public, etc.). To fulfill this task, one needs
to define criteria for assessing the design options. These are to correspond to the individual qualities of
the project, and they should be significant and possible to assess. The paper, divided into two parts,
presents a review of the literature concerning the criteria for the assessment of design solutions defined
as "green" or “environmentally friendly”. Part I presents the method of the analysis and investigates
into the number and type of criteria adopted in the sample of papers being the object of analysis. Part
II focuses on the ways of defining criteria values, weights, and methods of multicriteria assessment.
Keywords: Sustainable Construction, Component Selection, LCA, Literature Review.

1 Introduction
It becomes apparent that humanity’s appetite for resources became too much for the planet
Earth to bear (Meadows et al., 1972; Turner, 2008). Exponential population build-up combined
with the global pursuit of economic growth results in the exponential growth of the demand for
housing and infrastructure as well as production facilities. Construction means consuming a lot
of energy, water, land, and minerals for creating millions of tons of materials, moving them to
the destination and installing, followed by dismantling and relocating with the amount of effort
comparable with that during erection. Technological progress makes construction components
increasingly complex and sophisticated, which adds to the problem: highly processed products
consume even more resources and are difficult to recycle. In the face of resource depletion and
the likely suffocation with its own refuse within decades, humanity is dragged (Komatsu et al.,
2019) towards the sustainable economy (D’Amato et al., 2019) and, in particular, sustainable
construction (Goh et al., 2020).
One of the aspects of construction sustainability is reducing the project’s and the resulting
built facility’s negative impact on the environment. This impact is typically assessed in the
course of some form of Life Cycle Analysis (LCA) (Ortiz et al., 2009). The LCA has become
an established practice in optimizing designs and assessing the quality of the built environment.
The idea, described among others by ISO 14040 standard, evolved into a plethora of
methodologies, tools and individual reports on analyses for estimating the impact of built assets
on the environment from the perspective of:
- particular construction materials/products (e.g. Häfliger et al., 2017),
- functional components of particular buildings (e.g. Kellenberger and Althaus, 2009),
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- whole buildings in the context of the way of use and building maintenance scenarios
(Bucoń, 2019; Häfliger et al., 2017; Hasik et al., 2019),
- neighborhoods/cities (Bak et al., 2019; Goldstein et al., 2013; Jeong and RamirezGomez, 2018; Nematchoua et al., 2020).
They typically share the element of assessing the environmental consequences of using
particular construction materials in the building’s fabric, so the materials’ contribution to the
overall environmental impact. However, even in this narrow aspect, the scope, criteria, and
measures used in the analyses are not identical (Doan et al., 2017; Park et al., 2017).
On the one hand, there exist standards on reporting the environmental impact of products,
(ecolabelling). As for the construction products, the European EN 15804 standard that sets
requirements for voluntary Environmental Product Declarations (EPDs) (Kuittinen and
Linkosalmi, 2015; Piasecki, 2014). On the other hand, the standards and methodologies evolve
(Allacker et al., 2017). Due to the proliferation of LCA methodologies, the comparability of
information on a product’s environmental qualities becomes an issue (European Commission,
2013; Galatola and Pant, 2014; Passer et al., 2015). Many researchers and practitioners compare
the environmental qualities of construction products using their own criteria and measures.
The paper is the first part of a review of the most recent literature on the comparison or
assessment of construction products and components to select the “environmentally friendly”
ones. The authors provide a classification of research problems covered by the sample, discuss
papers devoted to designing “green” materials and selecting sustainability criteria for
construction materials, products, or components. Finally, they investigate into the number and
type of criteria in use, thus into how the authors understand the environmental impact of
construction products or built facilities.

2 Materials and Methods
2.1 Benchmark Set of Criteria and the Scope of Analysis
The standards on EPDs are in use for some time, and the number of declarations in the databases
is growing: this idea of standardized communication of environmental product properties seems
to establish itself in practice. For this reason, the authors expect that the presentation of
solutions to problems directly or indirectly related to construction material, component, or
construction method selection in the field of architecture, building, and civil engineering are
likely to draw from the methods elaborated by the environmental scientists.
Table 1. Classification of life cycle stages for assessing environmental impact of construction products,
based on EPD (ITB, 2013).
Product stage
A1. Raw material
supply
A2. Transport
A3.
Manufacturing
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Construction
process
A4. Transport to site
A5. Installation

Use stage
B1. Use
B2. Maintenance
B3. Repair
B4. Replacement
B5. Refurbishment
B6. Operational energy use
B7. Operational water use

End of life
C1. Deconstruction
C2. Transport
C3. Waste
processing
C4. Disposal

Benefits and loads
beyond the system
boundary
D. Reuserecoveryrecycling
potential
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Table 2. Indicators of environmental impacts, aspects of resource use and waste, based on EPD (ITB, 2013).
Environmental impacts
Global warming potential
Depletion potential of the
stratospheric ozone layer
Acidification potential of soil and
water)
Eutrophication potential
Formation potential of
tropospheric ozone
Abiotic depletion potential (ADPelements) for non-fossil resources
Abiotic depletion potential (ADPfossil fuels) for fossil resources

Environmental aspects of
resource use (modified)
Total use of renewable primary
energy (as raw mat. or energy)
Total use of non-renewable
primary energy (as raw mat. or
energy)
Use of secondary material

Environmental information of
waste categories
Hazardous waste disposed

Use of renewable second. fuels
Use of non-renewable second.
fuels
Net use of fresh water

Components for re-use
Materials for recycling

-

Exported energy

Non-hazardous waste disposed
Radioactive waste disposed

Materials for energy recovery

Therefore, in the literature review process, the sources’ approach to the life cycle phases was
juxtaposed to life cycle phases used in LCA and adopted for EPDs (Table 1). In this paper, the
“environmentally friendly” aspects were considered only those covered by the scope of the
environmental impacts, aspects of resource use, and generation of waste as defined in EPDs
(Table 2) prepared according to EN 15804:2012 before its amendment in 2019 (ITB, 2013).
2.2 The Sample
The query was arbitrarily limited to one database (Web of Science), publications from the years
2016-2020, and the following structure of search terms to identify within the title, abstract and
author-specified keywords:
criteria AND construction AND (material OR product) AND (select* OR choice OR choose)
AND (“environmentally friendly” OR green OR sustainable)

(1)

The query produced a reasonable number of 110 publications. The selection was manually
refined, on the basis of content analysis, to find papers that focused explicitly on:
- analyzing criteria for selecting materials or component options or options of
construction methods based on their environmental impact,
- presenting methods or tools for assessing the environmental impact of materials or
components or construction methods to justify their selection or ranking,
- individual presentations of selection/ranking problems as above (case studies),
- arguments for “green” properties” of new materials if juxtaposed with “traditional”
materials.
For this reason, a considerable number of papers were excluded as proposals of new
certification systems for whole buildings, general-purpose multicriteria methods where “green”
features served only as examples of possible criteria, and papers focused on ecology (impact of
built structures on particular species). One paper was excluded for not being available in
English, and four proved unreachable (no access to full text). Therefore, the final sample
comprised only 43 publications.
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2.3 The Method
The sample of papers was analyzed in terms of aspects of sustainability covered by the analysis,
scope of life cycle stages, sources of input, and mathematical methods used for selecting the
best option (if applicable).

3 Results and Discussion
3.1 Topics of the Sample
The papers of the sample were classified into four groups according to their research problem
(some paper dealt with more than one):
- designing environmentally-friendly materials (9 papers),
- selecting a set of sustainability criteria for comparing construction products or
components of built structures (7 papers),
- assessing the sustainability of alternative solutions (materials, material supply chains,
component design) (33 papers),
- optimizing construction components (2 papers).
3.2 Type and Number of Environmental Criteria
Nine papers from the sample focused on introducing environmental criteria into the design of
materials themselves (Table 3). One of them (Imron et al., 2017a) argued for eco-friendly
properties of a new drywall material containing waste from food production, though, at the
early stage of research, the argument was based only on intuitive SWOT analysis with two
arbitrarily selected environmental criteria. Nevertheless, the advantages were utilizing waste
and thus reducing the consumption of non-renewable resources.
Table 3. Papers devoted to material design (selecting components for a mix).
Paper

(Falqi et al., 2019)

T,Ec,
En, S

not
explicit

(Kurda et al., 2019)

T, Ec,
En
T, En

A1-A3

T, Ec,
En, S
Ec, En,
S

not
explicit
A-D

Ec, En,
S
Ec, En

A-D

Criteria list Weights, method
Env. Criteria values:
of calculation
criteria
Arbitrary
2 Team of
Team of experts,
6 T. of experts
experts
AHP; sensitivity
(pairwise comp.)
analysis
Arbitrary
M. experts,
5 M. experts,
arithmetic mean of
arithmetic mean
fuzzy ratings
of fuzzy ratings
Arbitrary
Arbitrary (no. of
2 Databases &
(LCA)
scenarios)
calculations
Arbitrary
Arbitrary
2 Databases &
calculations
Arbitrary
Not applicable
1 Databases &
calculations
Arbitrary
M. experts,
5 M. experts
relative
importance index
Arbitrary
M. experts, AHP
5 M. experts

A1-A3

LCA

(Imron et al., 2017b)
(Ahmed et al., 2019)

(Rashid et al., 2018)
(Reddy et al., 2020)
(Reddy et al., 2019b)
(Reddy et al., 2019a)
(Suarez Silgado et al.,
2018)
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Aspects Life
cycle
En
A
T,Ec,
not
En, S
explicit

A1-A3

Arbitrary;
sensitivity analysis

11 Databases &
calculations

Method

VIKOR

SWOT
AHP,
TOPSIS
fuzzy
TOPSIS
SAW
AHP,
TOPSIS
PSI
AHP
AHP
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The remaining papers from this group presented a multicriteria selection of components
(such as recycled aggregates or supplementary cementing materials made of waste) for concrete
or asphalt mixes. All authors proposed a combined index to select the best mix out of the set of
samples. However, the types of criteria incorporated in the indices were an individual selection
of environmental (En), economic (Ec), social (S), and, in some cases, technological (T)
properties of the mix and the hardened material. The number of environmental sub-criteria
varied from one to eleven; the most common among them were: energy use and global warming
potential. The authors did not agree on the life cycle stages included in the assessment.
In four papers out of seven, the authors decided to use criteria originating from some
established LCA methodologies and calculate their values according to relevant life cycle
inventory databases. Two papers (Kurda et al., 2019; Suarez Silgado et al., 2018) came from
Europe, where such databases are available. One paper originated from Pakistan (Rashid et al.,
2018) and based on data found in the literature. The last one was from India (Reddy et al.,
2020); its only environmental criterion was service life estimate. Other authors resorted to
expert ratings of criteria values expressed in some form of Likert scales or as pairwise
comparisons.
Seven papers from the sample focused primarily on selecting sustainability criteria for
comparing construction products or components of built structures. Khoshnava et al. (2018)
observed that, in practice, the choice of ”green” criteria was done arbitrarily by the decisionmakers. Therefore, the authors undertook a literature review and a broad survey among
construction professionals to decide on a general-purpose set of criteria and their relative
importance, as perceived by the experts from Malaysia. The product of their research was a list
of 23 criteria (out of them, 14 related with environmental impact) and their ranking. Amer and
Attia (2019) conducted a broad survey among European architects to define the set of criteria
and their relative importance specifically for the sustainable design of vertical extensions of
buildings. (Herda et al., 2017), considering the problem of comparing construction products
and switching to sustainable construction in Kenya, pointed to the lack of reliable databases of
product properties that correspond to local conditions. Hoxha, Haugen and Bjorberg (2017), to
propose a list of “green” criteria of material selection to appeal to the wider public, decided to
investigate into the understanding of sustainability in Kosovo by means of a survey among nonprofessionals. Rashdan and Ashour (2018) reviewed the literature to define a list of aspects
worth consideration in sustainability assessment of interior design products. Li et al. (2019)
reviewed literature on factors incorporated into LCA and life cycle costing (LCC) related with
assessing benefits of using solid waste for road pavement, finding that there is still no agreement
on what properties and impacts should be included in such analyses. (Ishak et al., 2017), to
measure the self-assessed level of compliance of Malaysian construction products
manufacturers with the rules of “green” production, compiled a list of as many as 33
environmental criteria based on the literature.

4 Summary and Conclusions
Judging by the analyzed sample of papers, there exists no agreed set of environmental criteria
for comparing sustainability of alternative construction products, components and construction
methods (Figure 1).
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Figure 1. Frequency of selecting a particular number of criteria in the sample of papers.

Interestingly, even in the case of similar problems, the numbers and the type of criteria
differed significantly. For instance, Potkany, Gejdos and Debnar (2018), Svajlenka and
Kozlovska (2018), and Hassan and Johansson (2018) compared options of building frames
basing on a set of sustainability measures without combining them into one index. They all did
it within “cradle to gate” boundaries. Respectively, they used: six criteria known from EPD’s
(Table 1): primary energy input for production (PEI), global warming potential (GWP),
acidification potential (AP), eutrophication potential (EP), ozone depletion potential (ODP),
and photochemical ozone creation potential (POCP), three criteria (PEI, GWP, AP), and a
single criterion (GWP).
Even the authors who decided on a single factor related to the environmental impact chose
different criteria: energy embodied in the material used for a component, energy embodied up
to the construction phase, potential for recycling, quantity of waste, GWP, or other. Moreover,
most authors identified the criteria in the course of a literature review and interviews with
experts to refine the list to suit a particular decision problem. Only 14 admitted drawing directly
from particular LCA methodologies.
It is likely that the sample of papers analyzed above is not representative of the state-of-theart in research on sustainability in construction. However, it indicates that this field is still in
the stage of development.
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Abstract. One of the design team’s tasks is assuring that their project has a low negative impact on the
environment. This comes from regulations as well as expectations of direct benefits (reduction of
operating cost, the project’s improved image in the eyes of the public, etc.). To fulfill this task, one needs
to define criteria for assessing the design options. These are to correspond to the individual qualities of
the project, and they should be significant and possible to assess. The paper, divided into two parts,
presents a review of the literature concerning the criteria for the assessment of design solutions defined
as "green" or “environmentally friendly”. Part I presented the method of the analysis and investigates
into the number and type of criteria adopted in the sample of papers being the object of analysis. This
part focuses on the ways of defining criteria values, weights, and methods of multicriteria assessment.
Keywords: Sustainable Construction, Component Selection, LCA, Literature Review.

1 Introduction
In the face of resource depletion and the likely suffocation with its own refuse within decades,
humanity is dragged towards a sustainable economy and, in particular, sustainable construction
(Goh, Chong, Jack and Mohd Faris, 2020). One of the aspects of construction sustainability is
reducing the project’s and the resulting built facility’s impact on the environment. This impact
is typically assessed in the course of a Life Cycle Analysis (LCA) (Ortiz, Castells and
Sonnemann, 2009). The idea of LCA evolved into many methodologies that share the element
of assessing the consequences of using particular construction materials in the building’s fabric.
However, even in this narrow aspect, the analyses’ scope, criteria, and measures are not
identical (Park, Yoon and Kim, 2017). The standards and methodologies evolve (Allacker,
Mathieux, Pennington and Pant, 2017). Due to the proliferation of LCA methodologies, the
comparability of information on products’ environmental qualities becomes an issue (European
Union, 2013).
This paper is a second part of the review of the most recent literature on selecting the
“environmentally friendly” material and component options in construction. The authors
discuss a sample of papers devoted to assessing the sustainability of alternative solutions
(materials, material supply chains, component design) and optimizing construction
components, focusing on the ways of defining criteria values, the criteria’s relative importance,
and selecting the methods of multicriteria assessment.

doi:10.23967/dbmc.2020.124
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2 Materials and Methods
The sources’ approach to the life cycle phases was juxtaposed to the life cycle phases used in
LCA and adopted for Environmental Product Declarations (EPDs). The “environmentally
friendly” aspects were considered only those covered by the scope of environmental impacts,
aspects of resource use, and generation of waste as defined in EPDs prepared according to EN
15804:2012. The query was limited to one database (Web of Science), publications from the
years 2016-2020, and a particular structure of search terms, as presented in Part I. The selection
was manually refined. The final sample comprised 43 publications. The sample was analyzed
in terms of aspects of sustainability covered by the analysis, life cycle stages considered,
sources of input, and mathematical methods used for selecting the best option (if applicable).

3 Results and Discussion
77% of papers of the sample focused on assessing the sustainability of alternative solutions.
The problems differed much in terms of the object of the analysis: from comparing particular
types of materials in the context of a local market, through types of complex components of
buildings or civil engineering structures, to alternative ways of conducting whole projects or
selecting supply chains to serve certain projects or regions.
Table 1 list the papers whose authors proposed some form of an integrated measure of
sustainability with reference to alternative construction products (like bricks, windows, water
pipes, paints) offered in a particular market.
Table 1. Works on ranking or selecting most sustainable construction products in a certain market/region (not
adopting a project perspective).
Paper

Aspect
s

Life
cycle

Criteria
list

Weights, method of
calculation

(Govindan et al.,
2016)

Ec, En,
S

not
explicit

Arbitrary

M. experts,
DEMATEL
+ANP
1 expert, ISMAS

(Bissoli-Dalvi et En
al., 2016)
(Roy et al., 2019) Ec,
En,S

A-D

Arbitrary

not
explicit

Arbitrary

(Zhang et al.,
2017)

T, Ec,
En

A1-A3+ Arbitrary
disposal

(Mathiyazhagan
et al., 2019)

Ec,
En,S

not
explicit

(Rochikashvili
and Bongaerts,
2016)
(Maiolo et al.,
2018)

T, Ec,
En, S

not
explicit

T, Ec,
En

A1-A3
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team of
experts
/literature
Arbitrary
LCA
(Impact
2002+)

M. experts, fuzzy
pairwise
comparisons, linear
programming;
sensitivity analysis
M. experts,
DEMATEL
+ANP; sensitivity
analysis
M. experts,
integrated by
averaging; BWM
M. experts, ANP
Acc. to Impact
2002+

Env. Criteria
crivalues:
teria
10 Expert ratings:
1-5 scores used
in example
7 Expert: ratings
in 3-level scale
4 M. experts,,
Fuzzy ratings

Method,
output
TOPSIS,combined
index
ISMAS, combined
index
IVIF-CODAS.
combined index

5 Expert ratings
in scale 1-5 in
example

G-TOPSIS, combined
index

9 Expert ratings

fuzzy TOPSIS,
combined index

1 Expert
pairwise
comparisons
n/a databases &
calculations

ANP, combined
index
multiplying two
indices, combined
index
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A common feature of these papers is analyzing the options in abstraction from projects they
might be used for. In this group, all papers but two presented analyses from the perspective of
developing countries and based on criteria values rated by experts (though some methods were
applicable also for measurable criteria).
For instance, Govindan, Madan Shankar, & Kannan (2016) used DEMATEL combined with
ANP to establish the set of criteria and their relationships on the basis of opinions of multiple
experts, and then TOPSIS for the assessment of options. They illustrated their approach on the
example of selecting the “most sustainable” type of brick as perceived by the construction
professionals (clients, architects, contractors) in UAE market. In this case, all 10 criteria related
to the environmental impact would be possible to express as quantitative measures established
in the course of LCA, but the authors were vague about the way of the source of their values;
judging by the presentation of illustrative example, the values were expresses as arbitrary scores
in a 1-5 scale. Bissoli-Dalvi et al. (2016) compared the sustainability of different types of
windows used in Brazilian housing using an original ISMAS method. Due to the lack of
databases of environmental product properties, they resorted to an individual set of “green”
criteria and expressed their values by ratings in a unified 3-point scale (-1 for “worse than
average requirements”, 0 for “standard practice”, 1 for qualities considered “better than
acceptable”). The ratings were then treated as additive scores that, after being weighted, were
combined into a quantitative index for direct comparison of options.
Rochikashvili and Bongaerts (2016) aimed at conducting the comparison of products to
appeal to non-experts. For this reason, the authors did not use precise measures of
environmental impact. Their criteria were selected arbitrarily and grouped into 4 categories:
benefits, costs, opportunities, and risks. The sub-criteria related to the environmental impact
belonged to the latter. Maiolo et al. (2018), to select the best type of water pipes applicable in
particular soil conditions, conducted a thorough LCA (cradle to gate) of 10 products offered in
the market using Impact 2002+ methodology, assuming Western European conditions. Then
they combined its overall measure of environmental profile with the coefficient capturing
mechanical properties. This was the only paper from this group resting upon precise measures
of environmental impact.
Shipping large quantities of materials, as required in the case of construction projects,
generates high cost, consumes fossil fuels and pollutes the natural environment. Therefore, the
A2 and A4 phases of the lifecycle are a natural focus of construction sustainability researchers.
In the sample, two papers were devoted to analyzing supply chains. Ahmadian et al. (2017)
considered different sources, levels of prefabrication, modes and distances of transport.
Designing their BIM-based supply chain management system, they argued that the
environmental criteria should be project-specific and might be defined by experts, though they
should refer at least to the material production, transport to the site and installation phase, as
well as they should consider the potential of re-use and recycling. Basti (2018) analyzed the
problem managing large quantities of earthquake debris, a current problem of Italian regions
struck by natural disasters. He focused on environmental issues of deconstruction, transport,
depositing, and reusing this material, as well as on constraints resulting from regulations. This
was done not in a “per project” approach, but from the point of municipal strategies that
consider the network of local enterprises to be engaged in the process, restrictions on road use
for heavy transport, selection of means of transport with regard to location of debris processing,
landfilling and reuse areas.
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The biggest part of the sample of papers dealt with the problem of comparing alternative
products of complex components from the perspective of a project (particular location,
particular quantities, individual constraints due to the design of the building/civil engineering
structure – Table 2).
Table 2. Works on comparing options of building components assuming perspective of a particular project.
Paper

Aspect
s

Life
cycle

Criteria list Weights, method
of calculation

(Ananin et al.,
2018)
(Gomez-Soberon
et al., 2016)

En

A1-A3

Arbitrary

-

En

A4-C?

Arbitrary

-

Ec, En

A1-A3

LCA (EPD)

-

6 databases &
calculations

(Svajlenka and
Ec, En
Kozlovska, 2018)

A1-A3

LCA

-

3 databases &
calculations

(Hassan and
T, Ec,
Johansson, 2018) En

A1-A3?

Arbitrary

-

1 databases &
calculations

(Al-Nassar et al.,
2016)
(Chen et al.,
2019)

Ec, En,
S
T,Ec,
En, S

A-C

LCA

not
explicit

Experts

8 databases &
calculations
5 M. experts

(CasanovasRubio et al.,
2019)
(Alberti et al.,
2018)

Ec, En,
S

A

Experts

Ec, En,
S

A-B

Experts

Arbitrary;
sensitivity analysis
M. experts
BULI-based QFD;
sensitivity analysis
T. of experts
AHP;
sensitivity analysis
Arbitrary
(literature);

(Kripka et al.,
2019)
(Kumanayake
and Luo, 2017)
(Sarkkinen et al.,
2019)

T, Ec,
En, S
Ec, En

A
A-C

Arbitrary, AHP;
sens analysis
not decided yet

T, Ec,
En,S

not
explicit

LCA
(selected)
LCA
(selected)
LCA

(J Santos et al.,
2019)

Ec, En,
S

A-C

(Joao Santos et
al., 2017)

Ec, En

A-C

Arbitrary
(selection
justified)
LCA

(Zheng et al.,
2019)

Ec,
En,S

A-B

LCA

(Pavlovskis et al.
2016)

T, Ec,
En

A-C

Arbitrary

(Potkany et al.,
2018)

M. experts, AHP
(geometric mean);
sensitivity analysis
3 approaches;
sensitivity analysis
Arbitrary (as in
BEES); sensitivity
analysis
M. experts, AHP
(geometric mean);
sensitivity analysis
M. experts
WASPAS-G for
aggregation

Env. Criteria
crivalues:
teria
1 databases &
calculations
1 databases &
calculations

Method
output
ranking acc. to energy
embodied in materials
calculation of the
quantity of 5 types of
waste for each option
calculation
of a set of measures
for each option
calculation
of a set of measures
for each option
calculation
of a set of measures
for each option
weighted sum
combined index
ELECTRE III
combined index

5 databases &
calculations

MIVES
combined index

5 databases &
calculations

MIVES
combined index

1 databases &
calculations
1 databases &
calculations
2 databases &
calculations

AHP, VIKOR
combined index
not decided yet
combined index
AHP
combined index

10 databases &
calculations

PROMETHEE II
combined index

8 databases &
calculations

TOPSIS
combined index

5 databases &
calculations

VIKOR
combined index

5 M. experts

WASPAS-G,
combined index;
Compared with
results of o. methods

Five works produced sustainability measures without combining them into overall scores
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(less convenient for comparison, but not affected by subjectivity in normalizing criteria values
and setting weights). Among them, two papers considered a sole measure of the environmental
impact. Among them, two papers considered sole measures of environmental impact: Ananin
et al. (2018) looked for the best type for walls of a residential building in Russia with the lowest
energy embodied in wall materials, while Gomez-Soberon et al. (2016) compared 3 options of
floors according to the type and quantity of waste generated by replacement.
As the number of factors worth considering in the assessment may be large, some
generalized measures to facilitate a clear distinction between options may be useful. 11 papers
presented such measures. Among them, Chen et al. (2019) presented an interesting problem of
designing components to the liking of various stakeholders by using Quality Function
Deployment and ELECTRE III. They proposed a new group decision making method and
illustrated its use on the example of selecting flooring for office space. With this approach, the
set of criteria was individually defined for each case, expressing the stakeholders’ point of view.
Casanovas-Rubio et al. (2019) assessed sustainability of trenching methods. Their method,
MIVES, normalizes criteria scores by utility functions based on relative preferences expressed
by experts. The values of criteria were expressed as precise numbers (e.g. water consumption
in dm3 per 1m of trench) or as scores (if the effort to estimate the precise measure was
considered too great; however, justification for calculating the scores was provided). The
analysis produced a single measure, Sustainability Index for Trenches, to compare the options.
Alberti et al. (2018) used the same method to assess sustainability of two options of a structural
component, namely a tunnel slab of reinforced concrete, that differed in the type of
reinforcement. Interestingly, they based on the evidence on the components’ performance over
3 years of use in the same conditions. This was a unique feature of this research.
Santos et al. (2019) presented a decision-support tool for ranking alternative pavement
designs. The tool allows the user to define their own weights of criteria or to select the weights
as found by the authors in a survey. All 10 sustainability indicators related with environmental
impact were measurable, clearly defined in the literature, with the methods of calculation or
sources of values of confirmed reliability. To exclude selection of options that compensate poor
performance in some aspect by good performance in others, an outranking method with
threshold values was selected as the core of the decision support tool. Out of the sample of
papers, this one was considered to present the most convincing line of reasoning for selection
of criteria (though the authors direct the reader to their subsequent publications for details) and
methods for the ranking of options.
The remaining papers (not listed in Table 2) were not devoted to assessing predefined
component options, but to solving multicriteria design problems. BuHamdan et al. (2019)
presented a simulation model built to assess effects of combined design changes in a number
of components (the size of glazed area, type of windows and thermal resistance of envelope)
on the building’s cost, measures of environmental impact in the construction, operation and
demolition phase. Marti, Garcia-Segura and Yepes (2016) constructed an automated design
optimization tool that prompts the best beam profile, concrete class and contents of prestressing
and reinforcing steel of a prefabricated U-beam used in bridge construction. The model
produces solutions that satisfy structural requirements at minimum cost and embodied energy
in phase A of the lifecycle.
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4 Summary and Conclusions
Values of the criteria related to the environmental impact were either calculated or rated
arbitrarily by experts, in the latter case using a variety of rating scales or in the course pairwise
comparisons. Among 35 papers that compared/ranked options or aimed at finding an optimal
solution, a dependence was observed (p-value in χ2 test of 0,00124) between the location of the
object of analysis and the authors’ method to define the criteria values (Figure 1). This
observation is rather obvious: the geographical coverage of construction products’ life cycle
inventory databases is only slowly expanded on South America, Africa, and Asia.

Figure 1. Methods of defining criteria values vs origin of the paper.

Nevertheless, a detailed and laborious calculation of criteria values in interval or ratio scales
was not automatically an asset. As most of the authors who calculated criteria values this way
(14 out of 22) aimed at providing an integrated index of sustainability to make the comparisons
easier, they normalized the values in a way specific to the method of multicriteria analysis.
Frequently, the precision of criteria measures was lost in this process, especially if measures
were subject to pairwise comparisons. Four authors decided to directly account for the
uncertainty of criteria ratings by expressing them by fuzzy or grey numbers.
Defining criteria weights, a key aspect of most multicriteria assessment methods, was most
frequently done by collecting expert opinions. They were collected during panel meetings for
direct consensus (10%) or independently, in interviews or questionnaire surveys (40%). Thus,
50% of authors based on weights prompted by the literature or decided to use arbitrary values,
then check the sensitivity of their results to changes in criteria weights. Multiple opinions were
aggregated in a number of ways: from mean scores to elaborate analysis in stakeholder groups.
As for the multicriteria assessment methods in use, the most popular of the established ones
were TOPSIS (6 papers), AHP (5 papers), and VIKOR (3 papers). Some authors used a
combination of methods or proposed their own to precisely account for the character of the
problem. Nevertheless, out of 27 works that provided one combined measure for ranking
options, 9 did not explicitly refer to any form of checking the sensitivity of the results to weights
nor juxtaposed their ranking with rankings obtained by means of other methods.
The sample of papers analyzed above is certainly not representative of the state-of-the-art
research on the environmental impact of construction. However, it indicates that this field is
still in the stage of development. There is no agreement on the type of criteria, on their
importance, nor the methods of assessment in analyzing the sustainability of construction
products and components.
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Abstract. The exterior finish layer in building facades is exposed to considerable environmental loads,
which can reduce the service life of the materials, increasing the need for replacement. New climate
challenges impose to look more carefully at the long-term performance and durability of building
components and materials. Thermal stresses due to daily temperature fluctuations and UV exposure can
significantly damage facades and degrade their performance. This research measures the long-term
performance of a responsive cementitious finish plaster. The developed cement plaster is combined with
phase change materials (PCMs), and thermochromic (TC) pigments to control solar radiation and
surface temperatures dynamically on the exterior façade year around. The main objective of the study
is to quantify the effect of long-term UV exposure on the optical performance of the cement plasters.
PCMs with three different melting temperatures of 18oC, 24oC, and 28oC were combined with two
different colors of blue and red TC paint with a transition temperature of 31oC. Accelerated UV aging
of the samples was performed using lab tests to simulate exposure to UV radiation for two years. The
solar reflectance of the samples was characterized before and after the accelerated UV aging tests. The
results of the aging tests revealed that UV exposure impacts the solar reflectance of the finish material
based on the method of integrating the TC paint to the cement plaster. In the case of TC paint applied
to the surface, the solar reflectance of the plasters with only the TC is reduced by 15% after aging, while
the ones combined with PCMs have a similar solar reflectance value after aging.
Keywords: Durability, Building Façade, Thermal Energy Storage, Thermal Stress, Accelerated
Aging, Urban Heat Island.

1 Introduction
One of the main climate challenges in urban areas is the shifting weather patterns with
increasing trends of temperature fluctuations in dense cities that can impact urban thermal
comfort. The urban heat island (UHI) effect particularly is a known phenomenon that refers to
the occurrence of higher ambient temperatures in cities compared to suburban areas
(Santamouris et al., 2016). This event is specifically due to higher solar absorption in urban
surfaces such as building facades. In addition, the high surface temperatures of facades can lead
to higher heat transfer through the building envelope leading to thermal comfort problems and
higher energy demands. However, thermal stresses exposed to exterior building façade surfaces
can critically impact the durability of the finish materials. The exterior finish layer in buildings
is exposed to considerable environmental loads, namely thermal stresses and UV radiation, that
over long-term exposure leads to degradation (Pisello, 2017). The temperature fluctuations
experienced on the exterior surface of finish materials decrease the durability of the material
(Hernandez-Perez et al., 2014; Pisello, 2017).
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Increasing the lifetime of the building façade by reducing exterior thermal stresses, therefore,
becomes critical. By reviewing the literature, several strategies can be found that have been
proposed for regulating external solar and thermal loads. The most prominent strategy is the
application of cool/white or reflective coatings on exterior roof and façade surfaces. Such
coatings have high solar reflectance and emittance, thus leading to lower surface temperature
and better performance under UV exposure (Ascione et al., 2018). With the growing application
of cool coatings globally, the literature has mainly focused on their benefits in the cooling
season. However, the heating penalty associated with lower solar gains on the surfaces with
cool coatings could be comparable to their advantages in the cooling season (Ascione et al.,
2018; Garshasbi and Santamouris, 2019).
Several strategies to optimize the performance of reflective coatings have been evaluated,
such as combining reflective coatings with phase change materials (PCMs) (Pisello et al.,
2017). This combination has been proposed to benefit from the large heat storage capacity of
PCMs to buffer the peak temperatures and decrease the thermal fluctuations, which directly
affect the durability of the finish materials (Pisello et al., 2017). Another approach that is
gaining attention is the use of dynamic coatings with variable optical properties using
thermochromic (TC) coatings or paints (Karlessi et al., 2011; Perez et al., 2018). TC paint
changes its colors in response to temperature, allowing a change in its optical properties at a
specific transition temperature. The solar reflectance and emittance of the TC paint are
increased with higher temperatures as it turns to whiter shades, and as the temperatures go
down, the solar absorptivity of the paint is increased. Evaluating the key material properties of
these smart materials is a crucial step to identify their potential in regulating solar and
temperature loads in exterior finish applications. Several studies have focused primarily on this
topic to identify the experimental methods to measure the characteristics of these materials
(Zinzi, 2016). Additionally, to assess the impacts of environmental loads on the durability and
performance of such smart materials, accelerated aging tests using lab equipment have been
used extensively (Jelle, 2011; Karlessi et al., 2015).
In this study, the application of TC paint and PCMs integrated into cement plasters is
investigated in the climate context of Toronto, Canada. Cement plasters are a typical façade
finish material used in different types of buildings in Toronto. The combination of the TC paint
and PCMs in this study is used to address both thermal and solar exposure using different
mechanisms of dynamic solar control and thermal energy storage. Different configurations of
cement plasters with TC paint and PCMs have been developed and characterized for their
optical and thermal properties. The aim of this paper is to evaluate how long-term exposure to
solar radiation, particularly the negative impact of UV degradation impacts the optical
performance of the samples. The objective is to compare the main optical property of the
samples, namely solar reflectance in the primary stage to the post-aged stage using lab tests.

2 Methodology
2.1 Development of Cement Plaster Samples
The cement plaster was made based on the ASTM C926-18b standard for exterior plaster
applications and mixed with microencapsulated PCMs and TC pigments. Three PCMs with
different melting temperatures (Tmp) of 18oC, 24oC, and 28oC were used. Blue and red Leuco
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dye TC pigments with a transition temperature of 31oC were used in this study. Based on the
dynamic properties of the TC paints selected, the color transition to white occurs above 31oC,
and below 31oC, the paint turns back to its original color. The cement plaster samples were
made into 10 cm x 10 cm tiles with a thickness of 1.2 cm. The PCMs and the TC paints were
each added to the tiles based on a mass fraction of 2.5% of the base cement plaster tiles.
Therefore, samples with both PCMs and the TC paint included a total of 5% of the materials
and a 95% ratio of the cement plaster mixture. More detailed information on the sample
production process can be found in Soudian and Berardi (2019).
One of the main variables in this study is two different types of cement plasters considering
the integration of the TC paint in the plaster. Type 1 samples include the mixing of both the
PCMs and the TC pigments inside the cement plaster mixture, as shown in Figure 1a. Type 2
samples include the mixing of PCMs inside the cement plaster mixture, while the TC paint is
painted on the surface of the plaster tiles (Figure 1b). A total of twelve Type 1 samples and
eight Type 2 samples were created.
a)

b)

Figure 1. a) Type 1 samples; b) Type 2 samples.

2.2 Optical Characterization Tests
To measure the optical properties of the samples -considering their dynamic color change- the
samples were subjected to one heating cycle and one cooling cycle prior to the measurements.
The heating cycle was performed in an oven set to 45oC, which is above the transition
temperature of the PCMs and the TC paints. In the cooling cycle, the samples were cooled to
8oC in a fridge. Figure 2 shows the color change of the Type 2 samples in both cycles. The
spectral reflectance of the samples was measured according to the ASTM E903-12. The
measurements were made using a Perkin Elmer’s Lambda 750S UV-Vis/NIR
spectrophotometer with 60 mm integrating spheres. The reflectance measurements were
conducted in the range of 300-2500 nm with 10 nm steps (Soudian et al., 2020).
a)

b)

Figure 2. a) Type 2 samples at 8oC; b) Type 2 samples at 45oC.

491

Shahrzad Soudian, Umberto Berardi and Nadia O. Laschuk

2.3 Accelerated UV Aging
A QUV accelerated weather testing machine was used for the accelerated UV aging tests. The
tests were performed according to ASTM G154-16. The UV acceleration factor (AFUV) was
calculated from Equation (1), where  lab indicates the total UV energy in the aging machine,
and the  nat is the average natural outdoor energy for a given period.
AFUV =  lab /  nat

(1)

The total UV intensity considered for the 340 nm UV lamps in the apparatus was set to 1.55
W/m2, and the total energy calculated for one day of operation of the machine is 12.5 kWh/m2.
This setting represents the Cycle 6 configurations of the ASTM G154-16 standard. The average
daily solar irradiance value for the city of Toronto is 126 Wh/m2 obtained from Natural
Resources Canada (2016). Therefore, the AFUV calculated is 57. Based on the AFUV and the
exposure conditions determined by the standard, the samples were aged for seven days
representing a two-year exposure to UV radiation. Figure 3 shows the testing apparatus and the
cement plaster samples mounted on the QUV machine. The samples were subjected to an 8hour cycle of UV exposure at 60oC, followed by a 4-hour cycle of condensation at 50oC.

Figure 3. Cement plaster samples in the QUV aging apparatus.

3 Results
3.1 Initial Characterization: Pre-Aging
All the samples showed a greater change in solar reflectance/absorptance in the near-infrared
range (NIR) compared to the UV and the visible light (VIS) range, as shown in Figures 4 and
5. A distinct difference between the solar reflectance of Type 1 and Type 2 samples was
observed in the heating and cooling cycles. At 45oC, Type 2 samples with the TC paint on their
surface showed an average of 13% higher range of solar reflectance in the NIR compared to
Type 1 samples. The solar reflectance of all the eight Type 2 samples is higher than the control
cement plaster sample, having a range of reflectance between 60%-80%, while the control
sample has an average of 49.5% solar reflectance. In contrast, considering the importance of
solar gain in colder temperatures, at 8oC, Type 1 samples showed 12% higher solar absorptance
in the NIR compared to the Type 2 samples. A much lower solar absorptance performance was
observed in the case of Type 2 samples, as shown in Figure 8b, and all the samples have a lower
percentage of solar absorptance in the NIR compared to the control sample.
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a)

b)

Figure 4. Solar reflectance at 45 oC: a) Type 1 samples; b) Type 2 samples.

The solar reflectance results of the samples with the blue and the red paint shows a higher
solar reflectance recorded for the blue colored Type 2 samples. However, in Type 1 samples,
all the mixed and control samples with the red TC paint showed a higher range of solar
reflectance in the heating cycle. In Type 1 samples, the average solar reflectance of the control
sample is higher than the control samples with only the TC paint. Considering the combination
of the PCMs with TC paint, the best results are obtained by using the PCM- 18, as the combined
samples show a 22% better performance than the CONT-PCM-18 sample, and 28% higher solar
reflectance than the control samples with only the TC paint. In the cooling cycle, the overall
solar absorption of Type 2 samples is considerably less than the control PCM samples, as well
as the combined Type 1. This observation shows that applying the paint on the surface affects
the potential to retain solar gains. It is observed that the total solar absorption range of the TC
paints on the surface is much lower between 32% to 36%, which could pose challenges in the
heating season for material durability and overall heat transfer through the envelope.
a)

b)

Figure 5. Solar absorptance at 8 oC: a) Type 1 samples; b) Type 2 samples.

3.2 Characterization- Post-Aging
The effect of the two-year accelerated UV aging on the visual appearance of the samples is
shown in Figure 6. Compared to the initial images taken prior to the aging (Figure 1), the Type
2 samples have lost their colors, and in Type 1 samples, the slight color differences due to the
TC paint is no longer visible. The performance of the samples is expected to be affected due to
such considerable color variations.
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a)

b)

Figure 6. Visual changes to the samples a) Type 1 samples; b) Type 2 samples.

3.2.1 Solar reflectance measurements: Post-Aging
The same procedure to measure the solar reflectance of the samples was performed after the
two-year aging tests. The results are shown in Figures 7 and 8 for the heating and the cooling
cycles. Similar to the pre-aging results, the overall solar reflectance of the samples at 45oC is
higher in the Type 2 samples compared to Type 1 samples. However, the overall performance
of the Type 1 samples in reflecting solar radiation is reduced considerably compared to the
control sample. As shown in Figure 7a, the solar reflectance of the control sample in the NIR
is higher than all the samples within the 1600-2500 nm wavelength. A general trend could be
observed in both types of samples as the post-aging results show an increase in solar reflectance
values in the UV and VIS range while the total reflectance in the NIR is reduced.
a)

b)

Figure 7. Solar reflectance at 45 oC- Post-Aging: a) Type 1 samples; b) Type 2 samples.
a)

b)

Figure 8. Solar absorptance at 8 oC- Post-Aging: a) Type 1 samples; b) Type 2 samples.

In the cooling cycle, the aging did not significantly change the solar absorptance
characteristic of the Type 1 samples, as shown in Figure 8a, and similar to Figure 5a, the control
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sample holds the lowest rate of solar absorption at 8oC in the NIR. The total solar absorptance
of the samples with the red paint in Type 2 samples is higher than the blue colored ones. The
post-aging results show that the total solar absorptance of Type 2 samples have increased by
10% in the NIR.
3.3 Performance Change Comparison
By reviewing the pre and post aging results of solar reflectance values for all the samples, no
specific trend could be established between the color of the TC paint and the Tmp of the PCMs.
To better illustrate the effect of the two-year UV aging on the samples, Figure 9 shows the
change in solar reflection characteristic of each sample in the heating cycle. As the figure
shows, the impact of aging on the control samples with only the TC paint varies considerably
between Type 1 and Type 2 samples. In Type 1 samples, the solar reflectance was increased
after aging, in the Type 2 samples, solar reflectance decreased after the surface color faded.

Figure 9. Rate of change in solar reflectance after the aging.

The impact of the PCMs in preserving the solar reflectance of the samples is more evident
in the Type 2 samples, as the samples with both the TC and the PCM show the smallest
percentage of change in solar reflectance in the NIR compared to the ones with only the TC
paint. The results of the solar absorptance in the cooling cycle shows that in all Type 2 samples,
the total solar absorptance is increased after the UV aging by an average of 30%.

4 Conclusions
This study evaluated the effect of accelerated UV aging on the optical performance of
cementitious plasters integrated with TC paint and PCMs. This façade finish material intends
to regulate thermal stresses exposed to exterior surfaces of building facades due to UV rays and
temperature fluctuations. The dynamic properties of the TC paint to control solar radiation and
the heat storage capacity of PCMs to control temperature on the surface could help increase the
durability of the exterior façade finishing against thermal stresses. The results of the UV aging
tests revealed that the impact of aging on the solar reflectance properties of the samples depends
primarily on the method of TC paint integration in the cement plaster. Overall, at 45oC which
is above the transition temperature of the selected TC and the PCMs, the solar reflectance of
Type 1 samples with only the TC paint was increased, while the opposite occurs in the Type 2
samples. As the TC color fades on the surface of Type 2 samples, the total range of solar
reflectance decreased in samples with only the TC paint. The solar reflectance properties of the
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samples are primarily related to the TC paint. However, a lower rate of change in solar
reflectance was observed in the combined PCM and TC scenarios, indicating the benefit of
PCMs. A detailed analysis of the performance of the prototypes to regulate thermal stress is
underway using temperature cycling tests to observe how the PCMs interact with the TC paints.
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Abstract. Many brick buildings in Sweden today face a large need for renovation measures to prolong
their service life and make other uses possible. Conventional thermal insulation materials, such as fibre
glass and EPS, demand a thick layer of insulation to reach the energy targets. Super insulation
materials, such as vacuum insulation panels (VIP) and aerogel blankets (AB), are thermal insulation
components with a 3-10 times higher thermal resistance than conventional insulation materials. In this
study, the effect of interior insulation using super insulation materials is investigated, using experiences
from a case study in a brick wall from the 1800s. Earlier research has shown that interior insulation
decreases the drying-out capacity of an exterior wall and increases the risk for freeze-thaw damages in
brick walls. The case study building is an industrial building from 1896 with 470 mm homogeneous
brick masonry walls insulated with both aerogel insulation and with vacuum insulation panels. Six heat
flux sensors were installed in the wall and used to evaluate the thermal resistance of the wall with and
without insulation. The initial measurements showed that the rate of water flow in the bricks is
approximately three times higher than that in modern bricks. The average calculated U-value was
reduced by 70% for the AB and 81% for the VIP layers, while measurements at the three occasions gave
a reduction of 72-83% for the AB and 72-84% for the VIP layers, i.e. in the same order of magnitude.
Keywords: Interior Insulation, Vacuum Insulation Panel, Aerogel, Thermal Inertia.

1

Introduction

The construction sector is responsible for approximately 37% of the energy use in Sweden
(Boverket, 2019). Around 78% of this energy is accounted to heating and cooling of buildings
and the rest to construction, renovation and demolition activities. The amount of energy for
heating has increased the last years and was 7% higher in 2016 than the average energy use in
the preceding 10-year period and 8% higher than the previous year (Boverket, 2019). Around
25% of the energy for heating is used in the part of the building stock built before 1941 (Swedish
Energy Agency, 2014). The focus on energy savings in society to mitigate carbon emissions,
has led to implementations of several European directives on energy performance in buildings.
The current intention is to enforce national renovation strategies of buildings to reach low or
zero carbon dioxide emissions from the building industry by 2050. There is also an increased
focus on embodied energy and life cycle assessment of materials that are used in the
construction sector (Boverket, 2018).
There are several challenges associated with decreasing the energy use in existing buildings,
especially in buildings located in areas of national interest for cultural heritage or listed
buildings. The conflict between energy efficiency and heritage values in buildings have been
touched upon on in several research projects and are common in everyday practice when
renovating buildings for improved energy performance. Here, one of the challenges is to reduce
the energy use while not tampering with the character defining elements of a building, such as
the expression of the façade, the foundation, the volume of the building, the decoration of the
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façade, the windows and the window frames. Generally, walls can be insulated either on the
interior or exterior side. Concerning moisture performance, external insulation is beneficial as
this increases the temperature of the original construction. Unfortunately, this is not allowed in
many listed buildings. Therefore, interior insulation may be the only solution. Earlier research
has shown that interior insulation decreases the drying-out capacity in the outer wall and
increases the risk for freeze-thaw damages in brick walls (Johansson et al., 2014). Interior
insulation will also negatively affect the thermal storage capacity of the building and change
the interior appearance of the walls, which is particularly important to consider for historical
and/or listed buildings (Johansson et al., 2019).
In this paper, a study based on a case study building of using super insulation materials in
retrofitting of exterior walls is presented. The case study building, the background and planning
of the study was presented in Johansson and Wahlgren (2018). In Johansson et al. (2019), the
focus of the study was on the cultural heritage aspects and the conflict between energy
efficiency and heritage values in buildings. Here, various parameters influencing the heat flux
through the wall is discussed based on calculations and measurements from three separate
occasions during the year. Two of these occasions were presented in Johansson et al. (2019)
and in this paper measurements from the autumn season is added. These measurements add new
information since the wall now has been heated for a longer time period while the average
temperature is the same as in the spring season. The aim of the project is to propose practical
guidelines and recommendations for using super insulation materials in listed buildings. This
research is based on evaluation of vacuum insulation panels (VIP) and aerogel blankets (AB)
in a case study building in Gothenburg, Sweden, where the thermal and moisture performance
is monitored.

2

Super Insulation Materials

New materials and solutions are being developed that can contribute to improving the energy
performance of historic buildings, without altering their character defining elements. Super
insulation materials (SIM), such as VIP and AB, are thermal insulation components with a 310 times higher thermal resistance than conventional insulation materials, and thus thinner
layers can be used. In the IEA Annex 65 ‘Long-Term Performance of Super-Insulating
Materials in Building Components & Systems’ several SIMs were investigated, and case studies
were collected from all over the world. More information and conclusions are given by AdlZarrabi et al. (2020). In that project, SIMs were defined by having a thermal conductivity;
- below 25 mW/(m·K) if air filled such as aerogel,
- below 20 mW/(m·K) if gas filled such as gas filled panel (GFP), and
- below 15 mW/(m·K) if evacuated such as VIP.
As mentioned above, two examples of SIM are VIP and AB, see Figure 1. VIP are rigid
panels which cannot be cut on site and are sensitive to puncturing. Therefore, attention must be
paid in the design of details and envelope components. AB are more like conventional fibrebased insulation materials. They can be cut at the construction site and adapted to the specific
measurements. VIP were first tested in buildings in the early 1990s which was later followed
by several case studies both in laboratory and in the field while AB have been installed in
various building assemblies since the early 2000s (Adl-Zarrabi et al., 2020).
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The long-term performance of SIMs must be determined based on case studies in field and
laboratory. Full scale experiments provide knowledge of practical and technical difficulties as
well as data for service life estimation. For certain conclusions to be drawn from the case
studies, monitoring is essential. Unfortunately, monitoring is only performed in few case
studies. These experiences are gathered and evaluated from a long-term performance
perspective by Adl-Zarrabi et al. (2020).

a)

b)
Figure 1. Super insulation materials; (a) aerogel blanket (AB), (b) vacuum insulation panel (VIP).

VIPs have different core materials (fumed silica, glass fibre, polyurethane, expanded
polystyrene and others) and different envelopes (metalized film, aluminium laminate, stainless
steel, woven glass fibre, or combinations). The thermal conductivity is 0.014-0.020 W/(m·K)
for AB and 0.002-0.008 W/(m·K) for VIP (Heinemann et al., 2020). The hygrothermal
properties for ABs and VIPs differ substantially. The VIP envelope only allows a minimal
amount of vapour and liquid water transfer at the edges between the VIPs (Johansson et al.,
2014), while the vapor diffusion resistance of AB is around µ=5 (-) which is a factor five higher
than mineral wool. The blankets are coated with a water-repellent substance which reduce the
liquid water transfer through the material.

3

Case Study Building

The case study building, the background and planning of the study is presented together with
results from hygrothermal numerical simulations and a laboratory study of interior insulation
of a brick wall in Johansson and Wahlgren (2018). The building where the tests are carried out
is a long narrow brick and concrete building, once used as a paper machine hall, originally
erected in 1896, see Figure 2. The building is one of the oldest in the area. For this case study
the conservation officer at the city museum followed up on development of built heritage and
monitor that appointed heritage values are being respected in transformation situations.
In the end it was difficult to predict all the uncertainties in the laboratory measurements
using the hygrothermal numerical simulations (Johansson and Wahlgren, 2018). The first
results from the case study building showed that there was a moisture excess of 0.8 g/m3 in the
building compared to outdoors. Inside a part of the building, a small room (2.1 x 2.6 x 4.0 m)
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was constructed, consisting of floor, walls and roof insulated with 170 mm mineral wool, and
the exposed brick wall with an interior mortar layer. Prior to the installation of the sensors, the
existing plaster was removed from the interior brick surface. There was substantial capillary
suction from the ground and from the exposure to driving rain from south-west, which is the
dominant wind direction. The old plaster was loose up to approximately 1 meter above the
concrete slab and came down easily, without applying force, while the upper part of the wall
required demolition hammer to remove the plaster. The initial estimations showed that the rate
of water flow in the bricks was approximately three times higher than that in modern bricks.

a)

b)

c)

Figure 2. (a) The industrial building from 1896, photo from 1918, (b) the exterior of the tested external wall,
(c) interior of the building when it was in operation as a paper mill.

The exterior wall is divided in three parts where AB and VIP are installed in
500 x 1,200 mm2 panels, see Figure 3, and compared to a non-insulated reference. The air in
the room is circulated by a fan to create homogenous temperature and moisture conditions in
the entire room. It is heated to around 23°C and ventilated by natural ventilation with
approximately 0.5 h-1 air exchange rate. The installation of the AB and the VIP was done in
mid-June, 2018. The temperature and relative humidity of the air is measured by three sensors.
The measurement accuracy is ± 2.5% for relative humidity in the range of 10 to 90% and ±0.5°C
for temperature at 25°C. The temperature can be measured between -40 to 85°C. There were
some initial problems with the equipment and electric power supply which made the indoor
temperature vary more than planned.
The heat flux sensor Hukseflux HFP01 (thickness 5.4 mm, diameter 80 mm) was used to
evaluate the thermal resistance of the wall with and without insulation. The heat flux in W/m2
is calculated by dividing the voltage output by the sensor’s sensitivity. The sensors were
calibrated by the producer and delivered with a calibrated sensitivity and calibration uncertainty
of 3% for each sensor.
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a)

b)

c)

d)

Figure 3. (a) AB insulated panel (removable for inspection), (b) installed AB and VIP panel, (c) before
installation of two heat flux sensors inside the mortar layer, and (d) after installation of two heat flux sensors.

The sensor is a thermopile sensor which measures the temperature difference across the
ceramic plastic composite body. Air gaps between the sensor and surface of the wall, and
between the sensor and the surrounding environment could add additional resistances to the
sensor thermal resistance. The sensor was placed in the mortar between the insulation and brick
masonry in the wall panels with insulation, while the sensor was facing the indoor environment
for the wall without insulation.
Each wall set-up (reference, AB, VIP) has two sensors, bottom and top and the heat flux was
measured at three occasions (March, April and November) at all six locations. The first results
from the heat flux measurements showed that the heat flux is substantially reduced in the wall
with interior insulation (Johansson et al., 2019). A difference between the top and bottom
measurement locations was found, where the top location had a higher heat flux for the
reference wall and the wall panel with VIP, while the wall panel with aerogel had a lower heat
flux at the top location, compared to the bottom location. The higher heat flux closer to the
bottom of the wall could be caused by the higher moisture content in the wall closer to the
foundation and ground water. The deviation between the different parts of the wall could be
explained by the difference in solar radiation between them, where the reference wall is less
exposed to solar radiation than the parts with interior insulation. This part of the wall therefore
has a higher temperature difference between the interior and exterior surfaces, and consequently
a higher measured heat flux which results in a lower U-value (Johansson et al., 2019).

4

Results from Heat Flux Measurements

The measured temperature difference between the indoor and outdoor air was averaged over
the 3 preceding days due to the high thermal inertia of the brick wall. The thermal inertia was
studied numerically by Johansson et al. (2019), where it was concluded that an outdoor air
temperature measured for 3 days is enough for the estimation of the U-value from the heat flux
measurements. The measurements were performed early in the morning before sunrise, after a
cloudy night with stable outdoor temperature. The momentary U-value and percentage
difference compared to the reference wall based on the measurements and calculations
(following SS-EN ISO 6946:2017) are presented in Table 1.

501

Pär Johansson and Paula Wahlgren
Table 1. U-value and percentage difference compared to the reference wall based on heat flux measurements in
the brick wall in the bottom and top of the wall. The average outdoor temperature was 5.1°C, 9,7°C and 4.5°C.

Location
Aerogel bottom
Aerogel top
VIP bottom
VIP top
Reference bottom
Reference top

0.310
0.292
0.308
0.323
1.331
1.957

March
77-84%
78-85%
77-84%
74-84%
-

0.296
0.264
0.254
0.277
1.549
1.817

April
81-84%
83-85%
84-86%
82-85%
-

November
0.357
70-72%
0.339
71-73%
0.341
71-73%
0.358
70-72%
1.188
1.269
-

When calculating the U-value of the non-insulated wall based on the thermal conductivity
of dry brick (λ=0.61 W/(m·K)) and wet brick (λ=1.0 W/(m·K)), this results in U-values ranging
from 0.997 to 1.476 W/m2K. Corresponding U-values for the part with 20 mm VIP are 0.2640.286 W/m2K and for the wall with 20 mm AB the range is 0.394-0.452 W/m2K. The thermal
conductivity is also influenced by the temperature. For this case, the influence is negligible as
the dependency is typically around 0.0002 W/(m·K)/K for bricks.
The fact that the measured U-value of the non-insulated wall is lower in November than in
March and April can be a result of the wall having dried out during spring and summertime.
Since the interior insulation decreases the drying towards the interior side, drying is expected
to be significantly slower for these cases, resulting in more moisture, which could explain the
smaller variations in U-value for the insulated walls.
For the wall with VIP, the U-value based on heat flux measurements were more in line with
the calculated U-value than for the non-insulated wall. The measured U-value for the wall with
VIP was up to 35% higher than what was expected from the calculations. On the other hand,
the measured U-value for the wall with AB was lower than what was expected from the
calculations during all three measurement periods, for both the case with dry and wet brick.
Cuce and Cuce (2016) experienced similar deviations in their study of interior insulation with
AB. They developed a numerical statistical method to account for all effects by other factors.
In this case study, the different wall panels may be subjected to different amounts of solar
radiation. The wall panel with AB is most exposed to solar radiation which may have influenced
the measurements more here than for the other parts of the wall, resulting in a lower heat flux
than expected due to the lower temperature difference (higher outdoor temperature). The other
factors that could influence the measurements is the evaporation of water from the wall. This
could increase the heat flux by around 5% which decreases the measured U-value for the
reference wall but does not influence the parts of the wall with interior insulation.
One of the studied periods was unusually dry (summer 2018). For this case, the temperature
difference between cooler lower parts and slightly warmer upper parts was smaller than other
studied periods. This means that there might still be evaporation but that the source might not
be rain but possibly evaporation of moisture from the ground. That moisture was rising from
the ground was evident from the condition of the wall.

5

Conclusions

Many brick buildings in Sweden today face a large need for renovation measures to prolong
their service life and make alternative uses possible. In a case study building, interior insulation
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was proposed as a measure for combining energy efficiency and heritage preservation. The
470 mm homogenous brick masonry wall was investigated regarding the thermal performance
of the wall with interior insulation. Earlier research has shown that interior insulation decreases
the drying-out capacity of the exterior wall and increases the risk for freeze-thaw damages in
brick walls. In this study the building was exposed to both heavy rain and rising ground water.
No significant drying took place from the parts with interior insulation and water was added to
the wall from the rain outside and through the foundation. Therefore, the owner has now
planned to cover the building with an external rain protective envelope Measurements of the
heat flux show that additional superinsulation substantially decreases the U-value of the wall.
Assuming wet bricks, the average calculated U-value was reduced by 70% for the AB and 81%
for the VIP layers, while the measurements gave a reduction of 72-83% for the AB and 72-84%
for the VIP layers, i.e. the same order of magnitude. With planned measures to make the wall
dryer, the interior insulation will be monitored continuously with the aim of contributing to the
development of recommendations on how SIMs can be used in historic buildings
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Abstract. Vacuum Insulation Panels (VIPs) encompass a higher thermal resistance per unit of thickness
compared to any other kind of insulation. However, their aging has often shown some critical concerns
among stakeholders. To support the broader use of VIPs in the building sector, a comprehensive
analysis of the physical properties of VIPs and in particular of their thermal conductivity over longperiods is required. This research investigates the effect of the temperature and relative humidity on the
service life and thermal conductivity of VIPs. The scope of this study is to validate existing aging models
for VIPs. First, the experimental results of the thermal conductivity for five VIPs both in pristine and in
laboratory-accelerated conditions are described. Then, an analytical aging method is employed to
validate the collected data. Results show that the aging has a more significant impact on the
performance of VIPs with a core of fiberglass-core than with VIPs with a core of fumed silica.
Keywords: Vacuum Insulation Panels, Durability, Service Life Prediction, Thermal Conductivity.

1 Introduction
It is widely acknowledged that buildings account for more than 32% of total global energy
consumption and contribute to 19% of the GHG emissions. The global energy-related CO2
emissions from the building sector more than doubled between 1970 and 2010, and are
projected to increase by another twofold by 2050 (Berardi, 2017). Several researches confirmed
that the heat transfer (i.e. losses) through the building envelope is the most significant energy
factor for building efficiency as such, significant attention exists for super-insulating materials.
High-performance materials such as Vacuum Insulation Panels (VIPs) offer a high thermal
resistance value with minimized thickness, thanks to their low thermal conductivity (0.0030.005 W/mK) which is about five times lower than that of traditional insulation materials
(Johansson et al., 2014; Karami et al., 2015). VIPs are non-homogeneous insulation materials
consisting of a porous core which is evacuated from air and vapor, tightened, and then heatsealed. VIPs materials are in the early market stages in the building sector and data about their
thermal performance over the building lifetime is missing (Baetens et al., 2010; Kalnæs and
Jelle, 2014).
Consequently, many international research efforts have focused on the thermal properties of
VIPs over time (Wegger et al., 2011; Isaia et al., 2017; Mac Lean et al., 2017). Several works
have proposed methods to predict the service life of VIPs with Fumed Silica (FS) core and on
the development of models to determine their moisture content. Theoretical approaches to
predict their long-term performances by means of interpreting accelerated aging tests done in
laboratories have also been proposed (Table 1). The increase in pressure and humidity inside a
VIP panel over time is often pointed as the main aging mechanism for VIPs (Schwab et al.,
2005).
The objective of this paper is to evaluate experimentally the thermal conductivity of some
VIP after several aging exposures and to assess the accuracy of existing thermal conductivity
aging models through verification of collected results for different core materials of VIPs.

doi:10.23967/dbmc.2020.211
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Table 1. Literature review summary of previous studies related to the topic of the present paper.
Study

Core
type

Simmler et
al., 2005

-

Wegger
et al.,
2011

Va-qVIPB
2009

Saber et
al., 2015

fumed
silica

Kucukpina organic
r et al.,
nano2015
foam
MacLean
VIP
et al.,
2017

Test type Equivalent test period

Parameters of study
results

Results

Pressure increase rate is
5.5d at 23°C/80% RH,
Ageing mechanism
about 2.1 mbar per year,
laboratory 9h at 30°C/90% RH,
with results for different
while moisture
work
65h at 65°C/75% RH,
temperature and humidity accumulation rate is 0.18
152h at 80°C/80% RH
mass% per year
Acceptable agreement
Evaluating the
with that of the
laboratory
accelerated ageing of
25 years
accompanying
work
VIPs for various
theoretical analysis
procedures
in-situ test

mock-up
test
pilot wall

a year

More than a year
-

Batard et
al., 2018

fumed
silica

laboratory 25 years at 23 °C for
work
80% RH

Pons et
al., 2018

fumed
silica

laboratory
10 years
work
at 23 °C and 80% RH

Effects of thickness and
thermal conductivity on
effective thermal
resistance
Monitoring heat flow
through the panels over
months
long-term thermal
performance of VIPs

The thermal resistance
of the wall with VIP is
higher than the wall
with failed VIP or XPS
Nanoporous foam VIPs
are still effective

Confirming the good
performance of the
VIPs compared to XPS
Similar results for linear
and dynamic models
Comparison data of linear
with a comparable
and dynamic model
increase of conductivity
over time
- The surface
Mild artificial aging of six hydrophilicity of core
VIPs samples
aged VIPs is twice
higher than the new one

2 Theoretical Background and Research Methodology
The thermal conductivity of VIPs is a critical characteristic to study. Solid conduction, air
convection, and radiations determine the primary heat transfer mechanisms that control the
insulation capacity of the panel. The thermal conductivity of VIPs has been proposed as a
summation of different effects as reported in Eq. (1) (Wegger et al., 2010; Alotaibi et al., 2014):
𝜆𝜆!"! = 𝜆𝜆# + 𝜆𝜆$ + 𝜆𝜆% + 𝜆𝜆'( + 𝜆𝜆' + 𝜆𝜆)"*

(1)

where λs represents solid conduction through the material, λg shows gas conduction through
the porous of material, λr presents radiation heat transfer between inner pore, λwv is the
permeation of air and moisture through pores, λw is the thermal conduction over time based on
adsorbed water within the core material, and λcop is the thermal conductivity accounting for
second-order effects between the mentioned thermal conductivities. In Eq. (1), the λwv and λcop
components have a lower value compared to other terms, and can often be neglected. The gas
thermal conductivity is independent of the density, and its reduction provides a significant
opportunity to improve the performance of the VIPs (Kwon et al., 2009).
A different way to express the thermal conductivity of VIP is by taking into account their
aging, as described by Eq. 2 (Caps et al., 2008):
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𝜆𝜆!"! = 𝜆𝜆+,+! +

𝜆𝜆𝜆𝜆𝑡𝑡
+ 𝑏𝑏𝑋𝑋' (𝑡𝑡) = 𝜆𝜆+,+! +
+ 𝑐𝑐 21 − 𝑒𝑒𝑒𝑒𝑒𝑒 6− 89
0.032
0.032
𝜏𝜏'
1 + 𝑝𝑝Φ
1 + 𝑝𝑝Φ

(2)

where λint is a summation of solid and radiation thermal conductivities, λ0 is the conductivity of
air for atmospheric pressure, 𝑝𝑝 is gas pressure, and 𝛷𝛷 is the pore size of the pores.
As evident, to fully study the behaviour of Eg (2), long periods would be needed.
Consequently, accelerated aging methods are often used to find failure modes in a shorter time,
which is resulted after many years at a normal temperature. In this study, exposure of VIP to
elevated temperature was used to age several VIP samples. The increase of temperature could
grow the kinetic reaction rate within the molecules of materials which causes chemical
deprivation. For this purpose, accelerated aging temperatures of building materials are often
select around 70 ͦC (Jelle, 2012; Kunic, 2012). Arrhenius law was used to calculate the time
equivalent to 25 years of aging. To determine the relationship between the aging test condition
and the real condition, accelerated factor (AFtemp) was presented:
𝐴𝐴𝐴𝐴!./* = 𝑒𝑒

!
$
$
0 #" ( % 0% )
'
&

(3)

where AFtemp is the acceleration factor under stressed temperature, Ea is the activation energy
of failure mechanism, K is the Boltzmann constant which equals 8.617 × 10-5 eV/K, TA is the
accelerated temperature, and TU is the use condition temperature. The accelerated temperature
of VIPs samples was 70 ͦC, and the constant use condition temperature was assumed at 15 ͦC.
The thermal conductivity was measured, before and after the aging of each sample, in order to
assess VIP thermal performance according to the ASTM C518 using heat flowmeter equipment
HFM 436. The measurements were carried out in a temperature range of -10 ͦC to 30 ͦC with 5
ͦC temperature step. The temperature difference between the plates was kept at 10 ͦC.

3 Results
3.1 Pristine and Aged Thermal Conductivity
The thermal conductivity of various VIPs with different core panels including fiberglass, fumed
silica, compressed microporous silica, and compressed microporous silica with celluloses fiber,
were tested in this study. Different types of multilayer films which are common in the market
were selected. The employed films include metal foils (AF), metalized films (MF) and polymer
films (PF). The most common types can be described as follows:
• AF: In these ones, the thickness of the aluminum in the center is up to 5-10 μm and this
layer is laminated by a polyethylene terephthalate (PET) as a protective layer in outer and
polyethylene in the inner side of the layer (Wegger et al., 2011; Kalnæs et al., 2014).
• MFs: In these ones, there are three barrier layers of aluminum metalized PET and
polyethylene (PE) sheets on the inner side with an aluminum coat of 20-100 nm thickness
(Simmler et al., 2005; Ghazi Wakili et al., 2011; Alotaibi, 2014). This is a standard solution to
make VIPs applicable in buildings because multiple aluminum layers provide a better
impermeable layer in comparison to one-layer aluminum. However, MF type has a low
thickness which is an issue as a low thickness results in higher gas and moisture permeance
compared to the AF laminates. Table 2 reports the main characteristics of the selected VIPs.
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Table 2. Experimentally characteristics of VIPs provided by manufacturers.

NA
MF3
MF2

Thermal
conductivity
(W/mK)
0.0028
0.0048
0.0037

Company
density
(kg/m3)
250
190
208

4

MF2

0.0070

200

5

MF2

0.0070

250

Sample
type

Envelope
type

1
2
3

Core material
Fibreglass
Fumed Silica
Compressed microporous silica
Compressed microporous silica
+ celluloses fibre
Compressed microporous silica

Pressure
(mbar)

Size
(cm x cm)

≤5
≤5
≤5

30 x 30
24 x 13.7
30 x 30

≤2

30 x 30

≤5

30 x 30

The initial thermal conductivity of all samples is shown in Fig. 1. The experimental results
validate that fiberglass provides the lowest thermal conductivity; in fact, the core of fiberglass,
an open porous composite, allows easier air evacuation (Quenard and Salle, 2005; Kwon et al.,
2009). Pressed powder microporous silica would be the second option for high performing
VIPs. The results in Fig. 1 shows a generally consistent behaviour of the VIPs and their lower
thermal conductivity at lower temperatures (Berardi, 2019).

Figure 1. Value of pristine thermal conductivity for five types of VIP samples.

The induced changes in thermal conductivity of VIP samples with the exposure at high
temperature, simulating their accelerated aging, are presented in Fig. 2. The results are shown
for the average temperature between the two plates of the HFM of 18 ◦C. The thermal
conductivity results were collected every five years of aging for each type of sample.
As can be seen in Fig. 2, Types 1 to 5 have a close initial thermal conductivity in the range
from 0.003 W/mK to 0.0045 W/mK. While Type 1 with fiberglass core has the lowest initial
thermal conductivity in comparison to the other samples, an increasing trend of thermal
conductivity occurred compared to the other types in the same size. Types 3, 4 and 5 have an
approximately constant thermal conductivity over 25 years. The type of the envelope and the
thickness of the foil through the laminate affected the thermal conductivity. In fact, Type 5
which had an MF3 envelope showed minimal aging effects.
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.

Figure 2. Dynamic variation with the accelerated aging of the thermal conductivity of the VIPs at 18 ºC.

3.2 Ageing Model Verification
Here, the studies in (Simmler et al. 2005b; Kim 2017, Mukhopadhyaya et al., 2011) are used
as a reference model for evaluating the thermal conductivity trend. According to these papers,
a simple version of the ageing thermal conductivity is:
𝜆𝜆!"! = 𝜆𝜆+,+! + 𝜆𝜆* 𝑡𝑡 + 𝑐𝑐 21 − 𝑒𝑒𝑒𝑒𝑒𝑒 6−

𝑡𝑡
89
𝜏𝜏'

(4)

where, 𝜆𝜆!"!# , 𝜆𝜆$ , c, and 𝜏𝜏% are regression parameters depending on the envelope and the core
material. The parameters used in (Kim, 2017) are given in Table 3 as the reference model. In
this research, the mentioned parameters (𝜆𝜆!"!# , 𝜆𝜆$ , c, and 𝜏𝜏% ) are derived from experimental
result using Python curve fitting libraries. These unknown parameters are estimated such that
the difference between the measured data and the model output is minimum. Table 3 lists these
parameters for each sample and parameters in (Kim, 2017) as the reference.
Table 3. Parameters measured for samples under test and reference data proposed by Kim (2017).
Parameters
Reference Model (Kim 2017)
Type 1
Type 2
Type 3
Type 4
Type 5

λinit
(mW/m K)
3.9 to 4.8
3.20
4.20
4.00
4.00
4.08

λp
(mW/m.K.year)
0.07
0.17
0.07
0.05
0.05
0.019

c
(mW/m K)
3.2
1.30
2.20
0.66
0.66
0.02

𝜏𝜏!
(year)
35.6
35.6
20.0
35.6
35.6
35.6

Figure 3 shows the thermal conductivity behaviour of these samples over 25 years. As it can
be seen from this figure, overall, the thermal conductivity shows a linear trend over time for
these samples. For Type 1, thermal conductivity measurements follow the reference model very
well. The trend starts from 0.003 W/mK and uniformly increases to 0.008 W/mK, with a slope
of 0.0002 W/mK per year. The thermal conductivity in this sample approximately increases by
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160% over 25 years. In this type of sample, based on Table 3, the effect of λp is dominant. For
Type 3, the thermal conductivity value increases by about 70% over 25 years, as thermal
conductivity begins with 0.0041 W/mK and slowly reaches 0.0045 W/mK. Figure 3 shows a
small increase for Type 4 thermal conductivity measurement over time, where thermal
conductivity starts from 0.0041 W/mK and reaches to 0.0055 W/mK and it shows 34% of
thermal conductivity increase. This thermal conductivity shows a linear trend with a slope of
0.00006 W/mK per year. Type 5 has a trend with a thermal conductivity raises up to 10%, and
based on Table 3, it has a low gas thermal conductivity.

Type 1

Type 2

Type 3

Type 4

(λtot)
Type 5

Figure 3. Thermal conductivity trend for different VIPs over time.

4 Discussion and Conclusions
Service life is one of the main characteristics of VIP assessment. The threshold value for the
first definition of service life (ASTM C1484) is assumed to be 0.008 W/mK and 0.011 W/mK
based on different references (Tenpierik et al., 2010).
The threshold limitation and the service life of each specimen are reported in Table . Types
3 and 5 have the most extended service life among other types, formerly it followed by Types
4, 2, and 1 respectively.
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Table 4. Service life of VIPs samples under test.
Service life for 0.008 W/mK
Service life for 0.011 W/mK

Sample 1
25 years
40 years

Sample 2
30 years
65 years

Sample 3
> 100 years
> 100 years

Sample 4
70 years
> 100 years

Sample 5
> 100 years
> 100 years

The primary variables which define the quality of VIPs are the density of the core, the
transmission rates of gas, and water vapor through the film barrier. Here, the test results
collected from thermal conductivity measurements show that the thermal performance of the
samples is mainly affected by temperature and, the amount of effect by moisture is minimal as
they were also exposed to different levels of humidity without any appreciable results.
The analysis of the collected results represents that gas permeance is the factor that has the
most considerable influence on VIP performance. The obtained results of Sample 1, 2 prove
that the thermal resistance of the vacuum insulation panels reduces over time because of their
higher gas and moisture transmittance. The thermal performances of Types 3, 4 and 5 are more
stable. By comparing Types 1 and 3, it is obvious that the core materials with lower pore sizes
have longer life spans due to less gas concentration. More results are reported in the paper
Berardi et al.( 2020).
Overall, the experimental analysis shows that:
- The thermal conductivity increases about 1%-2.5%, 2%, and 5%-11% a year, on average
for compressed microporous silica-based, for compressed microporous silica with cellulose
fiber, and for compressed microporous silica with cellulose fiber respectively.
- A small variation of thermal conductivity for compressed microporous silica and
fiberglass-based cores was observed at temperatures below 0 ºC. However, since their core
material porosity is dissimilar, they present different thermal conductivity behavior. The
performance of the VIP microporous silica type is moderately better than that of the
fiberglass over time.
- Although the initial thermal conductivity of VIP with fiberglass core is less than that of the
compressed microporous silica one, fiberglass shows a significant increase in thermal
conductivity after aging.
- The numerical reference model used by NRC is adapted for VIPs with fumed silica and
fiberglass-based core material. However, a different mathematical model needs to be
developed for compressed microporous silica and compressed microporous silica with
cellulose. A significant mismatch is observed between the theoretical model plotted in Fig.
3, and the measurement results of these types.
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Abstract. A hailstorm has heavily damaged a glass fibre mesh reinforced mineral render of an
externally insulated composite system (ETICS) of a family house. While a neighbouring house of
identical design and of the same age showed only minor defects, for the house under investigation it was
a total failure of the render. Material probes were taken from the damaged façade and analysed
physically and chemically. Before renovation, the hail resistance of the façade was determined with a
unique artificial hail impact test method: Clear ice balls were shot against the façade with the help of a
launcher, where the kinetic energy of the projectile can precisely be controlled. The type of damage due
to natural hail could be reproduced. The impact energy needed to cause a damage similar to the one
caused by the natural hail was determined. The hail impact damage was also identical to results from
hail testing performed in the laboratory on similar systems. Since the amount of rendering material on
the façade was not according to standards of the Swiss Society of Engineers and Architects - it was by
far too thin - specific laboratory tests were performed with specimens not only made of similar materials
but also with a comparable thin render layer. By systematic variation of the projectile size and its
velocity, the impact parameters were studied and correlated to the type and extent of the hail impact
damage. A threshold, associated with the first appearance of full circle cracks in the render, was found
to be a kinetic energy of 2.5 J. The assessment of a supposed thickness effect and an effect of doubling
the reinforcement on the hail impact resistance and the effect of the age of the façade however was a
challenge. The methodological limitations given by the circumstances and the approach used are
discussed in this paper.
Keywords: ETICS, Hail Damage, Impact, Ageing, Testing.

1 Introduction
The effect of ageing on the durability of building elements, such as façades has been addressed
in the last years by the scientific community of construction engineering and materials science
(Bochen, 2009; Bochen and Gil, 2009; Daniotti et al., 2015; Daniotti, Paolini, and Re Cecconi,
2013; Griciute, Bliudzius, and Norvaisiene, 2013; Norvaišiene, Norvaišiene, GriciutĖ,
Bliudzius, and Ramanauskas, 2013). Building insurances of Germany, Austria and Switzerland
have established a register of products for building elements, which are certified for resistance
against hail impact (ACFI, 2020). The certification is based on an artificial hail impact test,
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which classifies the product in one of five hail resistance classes. A weakness of this
certification is the fact, that products are tested and classified when they are new. The
certification does not cover any deterioration of the hail resistance with the age of the product.
It is an open question how much a product in service loses hail resistance with its age.
On first of August 2017 a heavy thunderstorm accompanied by hail passed the region of
Winterthur, Eastern Switzerland. The building insurance of Zürich was informed by a house
owner of a medium sized family house, that the façade oriented to northwest, from where the
hailstorm came, has been heavily damaged. In the view of the building insurance, the ETICS
on that façade should have resisted such a hailstorm and therefor the heavy damage was not
expected. Swiss Federal Laboratories of Materials Science and Technology (Empa), Natural
Hazard Prevention of the Association of Cantonal Fire Insurance Companies (ACFI) and the
Building Insurance of Zürich (GVZ) have initiated thereafter a case study to get a deeper
understanding of the cause of this damage.

2 Design of the Case Study
The idea of the study was that the façade, which was 17 years old, had a reduced hail resistance
due to ageing. During the course of the study additional factors have been considered, such as
the thickness of the render (amount of material applied) and the reinforcement. The case study
had the following parts:
1) Description of the thunderstorm
2) Detailed description of the hail impact damage on the ETICS
3) Determination of the hail resistance of the ETICS on-site; measurement of the hail
resistance in the aged condition
4) Fabrication of a representative peace of the façade in order to determine the hail
resistance of a new façade of the same design
5) Comparison of the hail resistance of the new façade with the aged façade

3 The Thunderstorm of August 1st 2017 in Winterthur
August 1st 2017 was a typical high summer day with a flat atmospheric pressure distribution
over Europe. In the meteorological forecast for Eastern Switzerland the development of
thunderstorms was expected with hail of hailstones up to 4 cm in diameter. Observations of hail
in the neighborhood of the house under investigation stated hailstones of as large as 32 mm, s.
Fig 1.

Figure 1. Hailstones of the thunderstorm on August 1st 2017 in Winterthur.
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These observations confirmed a hailstorm of class 3, which has an occurrence probability of
one in in 5 to 20 years in this region. Therefore such a hailstorm as to be considered in the
design of a building, because a building should last for 30 to 40 years, (Kempton, Chap, and
Alani, 2002). According to CFIA standards, the façade should be class 3 hail resistant, which
means, that this specific event should have been survived undamaged. The first conclusion was,
that the façade was not as strong as it should be according to CFIA regulations.

4 Damage Description of the Affected Façade
The house was exposed to Northwest. An aerial view of the house with the affected façade from
West is shown in Fig. 2. A detailed visual inspection showed 147 damage locations evenly
distributed over the façade's area of 70 m2. The damages found were classified in three
categories: cracks (low level damage), full circle fracture (medium level damage) and breakout
of the render with uncovering of the reinforcement (high level damage). Typical representations
of these three types of damage are shown in Fig. 3. 71 locations showed a low level, 51 a
medium level and 21 locations a high level damage. The morphology of these damages was
similar to damages found in artificial hail tests on ETICS (Steinbauer, 2016).

Figure 2. Aerial view of the façade from West.

Figure 3. Representations of the damage classes: crack (left), full circle fracture (center) and breakout (right).
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5 Construction and Background of the Façade
The house was built in 2000. According to the drawings, the façade was based on a brick wall
on which a thermal isolation of 10 cm thickness was bonded, covered by a rendering. This is a
classical design of a modern ETICS. The originally used products could not be found out.
Therefor 15 material probes were taken from the façade and analyzed physically and
chemically.
The thermal isolation was a polystyrene foam with grain size of 2.8 mm and a density of
19.2 kg/m3. The rendering was characterized with Thermal Gravimetric Analysis (TGA),
Infrared Spectroscopy (IRS), and X-Ray Diffraction (XRD). The render was cement-bound.
The main crystalline phase was calcite (aggregate, filler and carbonated binder). In addition, it
contains dolomite, quartz and layer silicates as aggregates and filler. The calcium hydroxide
was no longer visible from the cement, because it was carbonated (also not visible in the TGA).
However, residues of the cement clinker phases were still visible. Mono-carbonate was seen as
the hydration product. Some gypsum was also found. The chemical composition was as for a
typical high strength mineral render bonded with Portland cement for thin layer application.
The rendering was reinforced with a single or double layer of a mesh of glass fibers with an
acrylic and polystyrene coating. The dimensions of the different layers were measured, s. Fig.
4. and table 1. Some those findings quality questions arose.

Figure 4. Cross section through the rendering (inside up – outside down): double reinforcement on the left,
single reinforcement in the middle and on the right.
Table 1. Average and ranges of thickness of the different layers of the rendering of the façade.

Base coat, including
the reinforcement
mm
1.5
1.4 – 1.6

Finish coat, with
sand grains
mm
1.4
0.4 – 1.6

Paint coat

Total

mm
0.2

mm
3.1
2.5 – 4.5

For the strength of the rendering system, the paint coat and the finishing coat are of
secondary importance. Therefore, in order to assess the quality of the rendering system, the
focus was on the thickness of the base coat. According to the Swiss standard for Engineers and
Architects SIA 243 (SIA, 1998), the base coat must have a thickness of 2 mm to 7 mm. Also
the Austrian standard ÖNorm B 6410 specifies a minimum layer thickness of 2 mm. A new
version of this standard requires an average layer thickness of 3.0 mm and a reinforcement mesh
which must be covered with a minimum of 1.0 mm to a maximum of 3.0 mm of concealed
render. Therefor we concluded, that the layer structure of the rendering of the façade under
investigation was seriously defective and thus not carried out in accordance with the state of
the art.

516

Silvain Michel, Peter Flüeler, Martin Jordi and Roger Welter

6 Determination of the Hail Resistance
6.1 Onsite Determination of the Hail Resistance of the Façade
6.1.1

Materials and Methods

The hail resistance was determined according to CFIA guidelines (ACFI, 2020). The test took
place 8 month after the hailstorm in sunny weather (17°C / 40% r.h.). The facade was
bombarded horizontally with clear ice balls at an angle of 45° with an ice ball launcher, see
Fig. 5. This test equipment allows to precisely accelerating the projectiles.

Figure 5. On-site determination of the hail resistance with an ice ball launcher.

In total 19 ice balls, 15 with a diameters of 30 mm and four of 40 mm, were shot. The aim
was on the one hand to determine the hail resistance class according to ACFI regulations and
on the other hand to assess the energy required to provoke damage of the levels mentioned
above. An energy threshold for a full circle fracture and the threshold for a breakout of the
render could be determined.
6.1.2 Results
The damage caused by the artificial hail, e.g. the bombardment with ice balls, largely
corresponded to the damage caused by the natural hailstorm of August 1st 2017. The shot
with the lowest kinetic energy provoking a damage was 2.5 J, which corresponds to a natural
hailstone of approx. 25 mm diameter in free fall. It resulted in a dent and a full circle fracture
in the façade. When the façade was bombarded with 40 mm ice balls and with an energy
beyond 10.0 J also breakout of the render was observed. The façade did not show a class 3
hail resistance according to the ACFI guidelines.
6.2 Determination of the Hail Resistance of Reference Specimens
6.2.1

Materials and methods

Two reference specimens representing the rendering with reinforcement built up on the thermal
isolation plate were fabricated. The first was equipped with double reinforcement, as applied
in the area of house edges and window cut-outs. The second reference specimen was
fabricated with a single reinforcement only. Both specimen had two sections: The first section
was fabricated with a base coat of only 1.5 mm thickness, representing the façade under
investigation. The second section was fabricated according to SIA standards, e.g. with a base
coat thickness of approx. 4 mm. For the production of the reference
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specimens an equivalent rendering system was chosen which had similar chemical
composition and mechanical properties. The specimens were put on the roof of the Empa
laboratory for hardening under natural weathering condition for 2 and 7 month, respectively.
The rendering of the reference specimens had the following dimensions:
Table 2. Average thickness of the different layers of the rendering of the reference specimens.

Thin section 1
Standard section 1
Thin section 2
Standard section2

Base coat, including
the reinforcement
mm
2.3
3.8
1.1
4.5

Finishing coat,
with sand grains
mm
1.3
1.8
1.1
1.1

Paint
coat
mm
0.2
0.2
0.2
0.2

Total
mm
3.8
5.8
2.4
5.8

Figure 6. Air gun for artificial hail tests (left) - reference specimen before hail testing (right).

The hail tests were carried out with the Empa air gun for hail testing as well as with the ice
ball launcher used onsite, see Fig. 6. The tests were carried out according to CFIA regulation
No. 8 (ACFI, 2014). Both specimens were bombarded with 20 mm, 30 mm and 40 mm ice
balls, which were made by the melting method from natural ice. The tests were performed at
23 °C / 50 % r.h. The aim was to reproduce the damage caused by the bombardment on the
façade and to determine the threshold values for a crack, a full circle fracture and breakouts.
6.2.2 Results
A total of 67 shots were fired on the first specimen, 60 shots on the second specimen, evenly
distributed over the two sections each. The results of the hail shots are summarized in table 3
and compared to the results of the shots on the façade. The façade was 17 years old and had a
thin layer of base coat with a single layer of reinforcement. The reference specimens were new
with a thick layer of base coat on one side and a thin layer of base coat on the other. One
specimen had a single reinforcement and one a double reinforcement. Thus, the results can be
analyzed with regard to a thickness effect, a reinforcement effect and an ageing effect by
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comparing the values pairwise.
Table 3. Threshold for damage levels determined on the reference specimens and the façade.

base coat:
reinforcement:
age:
Threshold for a crack
Threshold for a full circle fracture
Threshold for a breakout

thick
double
new
J
1.3
1.9
15.4

thick
single
new
J
2.6
2.9
11.7

thin
double
new
J
1.8
3.3
12.4

thin
single
new
J
2.8
2.8
11.6

thin
single
aged
J
2.5
10.0

No clear effect of the thickness can be seen: For double reinforcement, a thicker base coat
may be favorable or unfavorable, depending on the damage level. For single reinforcement, the
respective threshold values hardly differ. An effect of the reinforcement can also not be identify
in the data: A double reinforcement is unfavorable for low damage level, but favorable for high
damage level. An effect of ageing is weakly recognizable, both for a circle crack and a breakout:
Both threshold values decrease with age, but only by approx. 15%.

7 Discussion and Conclusions
7.1 Discussion
The overlapping of three major influences makes it difficult to distinguish their individual
impacts on hail resistance: For a complete investigation of all effects, not only a façade in the
state "aged/too thin" would have had to be present, but also a façade "aged/standard layer".
With the reference specimens the two states "new/too thin" and "new/standard layer" were
available. Thus, on the one hand, the layer thickness effect could only be quantified in the "new"
state and, on the other hand, the ageing effect could only be determined in the "too thin" state.
The ageing effect of a rendering with standard layer thickness could not be determined with the
available material. Since it was a classic mineral rendering, which was only discovered in the
course of the investigation, a significant ageing effect could not have been expected. This result
would probably be different if it was an organically bound rendering.
The results of the study leaves the possibility open that a thickness effect or an effect of the
reinforcement only occurs in the aged state. A further possibility is that the ageing effect only
occurs when the layer structure is correctly applied, but not when it is too thin. An indication
that the first possibility applies is the comparison of the façade examined here with the façade
of the neighboring house. Both houses have the same design and are of the same age. Assuming
that the façade of the neighboring house was correctly manufactured, the thickness effect in the
aged condition could be assessed by comparing these two façades. The façade of the
neighboring house had only a few impact damages, which could be repaired locally. This
indicates that it was not the advanced age that caused the massive damage to the façade, but the
poor workmanship. The repair was a complete rebuilding of the rendering.
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7.2 Conclusions
The damage to the façade by the natural hail event of August 1st 2017 could be reproduced by
bombardments with ice balls of 30 mm in diameter and a kinetic energy of at least 2.5 J.
Artificial hail impact with the ice ball launcher onsite as well as with the air gun in the
laboratory gave similar results. Energy threshold values for typical damages were determined
for a typical mineral rendering system. In the course of the study it became apparent that the
structure of the façade did not meet the current standards. Thus, it had to be assumed that the
damage to the façade was not only influenced by the age (17 years old), but also by a too thin
rendering base coat (1.5 mm instead of at least 2.0 mm). An ageing effect is weakly discernible
in the data, while an influence of the coating thickness could not be found.
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Abstract. Performance metrics serve as useful tools and indicators for many applications. For the
building industry, various metrics exist; typically, these metrics do not assess the whole building
performance. Instead, these represent separate components or heat transfer mechanisms of a building
like R-value, U-factor/value, and airtightness. The mechanisms defined under these metrics all
contribute significantly to the overall thermal performance of a building but will rarely act
independently. There are metrics that account for the overall energy performance of a building, such as
Energy Use Intensity (EUI). However, these metrics tend to be highly influenced by how the building is
operated and used. There are also metrics which provide assessment on a relative basis. These indices
are based upon comparison to a baseline, which complicates meaningful metric-based energy analyses.
This paper presents a performance metric developed to account for various thermal properties and
behaviors of a building. The metric accounts for all the relevant mechanisms that influence heat losses
and gains in buildings and is thus directly related to the energy performance. In addition, the metric is
designed to comprise air infiltration and allows users to account for workmanship quality, and
imperfections of the building thermal resistance due to penetrations and other installations. This paper
will describe how the metric can be applied for various building types and in different climates.
Keywords: BEP, Energy, Demand, Thermal Mass, Whole-Building.

1 Introduction
The thermal performance of a building depends on various building characteristics, including
outdoor climate, building usage, HVAC equipment, occupants’ indoor climate preferences, etc.
Due to complex interaction between these variables, describing the thermal performance of a
building is difficult. Many metrics exist to describe single variables, such as R-value, U-factor,
airtightness (ACH50/75), Solar Heat Gain Coefficient (SHGC). However, none of these
indicators can fully, or even realistically, solely describe the overall thermal performance.
Several attempts have been made to define metrics which account for most variables that
possess a significant impact on the energy performance (Ferrari and Zanotto, 2016). Many of
these efforts focus on the building envelope thermal mass, such as the TER (Reilly and Kinnane,
2017), the M-factor (Masonry Industry Committee, 1978; Yu, 1978), and the T-value (Alterman
et al., 2012). Typically, the greatest hurdle to overcome is to account for solar loads and the
impact it has on exterior building envelope surface temperatures and interior heat loads. The
sol-air temperature (O'Callaghan and Probert, 1977) defines a fictious ambient temperature that
accounts for solar induced heat transfer through the opaque building envelope, but that does not
reflect solar induced interior heat gains.
There are also various simplified methods to calculate heating and cooling loads in buildings
from estimating the overall thermal performance of buildings, such as CLTD/CLF (Spitler,
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McQuiston, and Lindsey, 1993) and the RTS method (ASHRAE, 2017). These methods include
all variables relevant to the energy demand in buildings, including interior loads from solar
radiation through windows. However, these methodologies do not result a single indicator that
represents the whole building energy performance.
This paper proposes a simplified assessment that accounts for mechanisms relevant to the
heat loss and gains through the building envelope and its impact on interior loads.

2 Method
This paper presents a methodology to assess the thermal performance of building using a singlevalued metric. The metric is based on the following principle.
QHVAC
env
= Qnet

h

env
net

Q

(1)

env
tot

= BEP × A

The HVAC energy demand (no internal loads), QHVAC (J[Btu]), will mainly depend on the
env
efficiency of the HVAC system h (-) and the net building envelope heat transfer Qnet
(J[Btu]).
2
2
In Eq. (1), we introduce the Building Envelope Performance metric, BEP (J/m [Btu/ft ]), which
env
is defined by the overall building envelope thermal load per building envelope area, Atot
. For
annual heating and cooling loads, BEP is a combination of the thermal resistance of all building
envelope components, R ((m2·K)/W [(°F·ft2·hr)/Btu]), and the effective cooling (c) and
heating (h) degree hours, as seen in Eq (3). R includes heat transfer from conduction,
convection and radiation:

eCDH eHDH
+
Rc
Rh
1
R =
1
1
1
+
+
s × Renv Rair Rgain
BEP =

(2)

where
eCDH = Effective cooling degree hours (K·hr [°F·hr]),
eHDH = Effective heating degree hours (K·hr [°F·hr]),
Renv = Conductive thermal resistance, R-value ((m2·K)/W [(°F·ft2·hr)/Btu]),
Rair = Air leakage resistance ((m2·K)/W [(°F·ft2·hr)/Btu]),
Rgain = Window solar and internal heat gains resistance ((m2·K)/W [(°F·ft2·hr)/Btu]),
s
= Opaque envelope solar and thermal radiation correction factor (-).
eCDH and eHDH are calculated from average outdoor and indoor temperatures during
cooling and heating mode respectively.

eCDH = (Toutavg ,c - Tin,cool ) × tcool
eHDH = (Tin,heat - Toutavg ,h ) × theat
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Here,
= Average outdoor temperature during cooling (c) or heating (h) (K [°F]),
T
Tin ,cool = Indoor setpoint temperature for cooling (K [°F]),
Tin ,heat = Indoor setpoint temperature for heating (K [°F]),
avg , c - h
out

tcool = Time for which cooling occurs (hr),
theat = Time for which heating occurs (hr).
Note that the effective cooling and heating degree hours defined in Eq. (3) are not the same
as regular cooling and heating degree hours (Erbs, Klein, and Beckman, 1984). For example,
because of heat loads (solar and internal), cooling may occur when the ambient outdoor
temperature is below the indoor cooling setpoint temperature. Defining effective degree hours
are essential to account for all loads/sinks contributing to the HVAC running cycle.
2.1 Conductive Heat Transfer
The resulting building envelope R-value, Renv , is expressed as:

Renv =

env
Atot

Aroof
Awall
Aslab
U ×A
+
+
+ wind wind .
fwind
Rwall × fwall Rroof × froof Rslab × fslab

(4)

env
= Awall + Aroof + Aslab + Awin
Atot

where
= Thermal resistance (R-value) of envelope component k ((m2·K)/W [(°F·ft2·hr)/Btu]),
Rk
= Conductive correction factor for envelope component k , due to thermal bridges,
fk
installation quality, etc. (-). (Not validated in this study)
The opaque envelope radiation correction factor, s , accounts for increased surface
temperatures due to solar radiation and is given by:
T avg - Tin ,
(5)
s = out
Teq - Tin
where

Teq =

avg
Teqroof × Aroof + Teqwall × Awall + Tout
( Awin + Aslab )
env
Atot

,

(6)

In which,
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avg
æ
æ I avg × A
+ I avg × A
+ I avg × A
+ I sol
, N ×Awall , N
avg
+ Rse, wall ç a wall çç sol , E wall , E sol , S wall , S sol ,W wall ,W
Teqwall = Tout
ç
Awall
è
è

ö
÷÷
ø

avg
avg
avg
avg
ö
I sky
, E × Awall , E + I sky , S × Awall , S + I sky ,W × Awall ,W + I sky , N ×Awall , N
+
÷÷
Awall
ø

(7)

avg
avg
avg
Teroof
= Tout
+ Rse,roof (a roof × I sol
q
, hor+ I sky , hor )

and

Teq

= Equivalent building envelope surface temperature (K [°F]),

avg
Tout

= Average outdoor temperature when either cooling or heating occurs (K [°F]),

avg
= Annual average incident solar radiation on vertical surface in direction j
I sol
,j
avg
I sky
,j
avg
I sol
,vert
avg
I sky
,vert
ak
ek
Rse

(W/m2[Btu/(hr·ft2)]),
= Annual average infrared radiation on vertical surface in direction
(W/m2[Btu/(hr·ft2)]),
= Annual average incident solar radiation on vertical surfaces (W/m2[Btu/(hr·ft2)]),

j

= Annual average infrared radiation on vertical surfaces (W/m2[Btu/(hr·ft2)]),

= Material solar absorptivity of envelope component k (-),
= Material infrared emissivity of envelope component k (-),
= Exterior surface transfer resistance ((m2·K)/W [(°F·ft2·hr)/Btu]),
E / S / W / N = East, South, West and North respectively (-).
The opaque envelope solar and thermal radiation correction factor seen in Eq. (5) needs to
avg
be calculated for both heating ( theat > 0 ) and cooling ( tcool > 0 ) since Teq and Tout
varies
accordingly.
T avg ,c - Tin,cool
T avg ,h - Tin,heat
.
(8)
s c = outc
and s h = outh
Teq - Tin,cool
Teq - Tin ,heat
2.2 Convective Heat Transfer
The effective thermal resistance due to air infiltration through the building envelope, Rair , is
defined as:
env
Atot
.
(9)
Rair =
!
V × r ×c
air

( )

V! = C × DP

air

n

(10)

Where
= Annual average air flow rate through the building envelope during either cooling or
V!
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r air

cair
C

P

n

heating (m3/hr [ft3/hr]),
= Density of air (kg/m3 [lb/ft3]),
= Specific heat of air (J/(kg·K) [Btu/(lb·°F)]),
= Air flow coefficient (m3/(s·Pa) [cfm/Pa]),
= Air pressure (Pa),
= Air leakage exponent (-).

The average air pressure difference is calculated during the time of either cooling or heating.
Typically, the overall pressure gradient, DP , around the building envelope is the sum of three
components; wind loads, DPw , buoyancy effect (stack), DPs , and ventilation, DPv .
(11)

DP = DPw + DPs + P
Dv

As for all variables in Eq. (2), Rair is defined for either cooling or heating.
2.3 Solar, Thermal and Internal Heat Gains
Finally, an effective thermal resistance is found, due to interior heat loads. These loads consist
of solar and thermal radiation through windows and all interior loads from equipment,
appliances, lighting, humans, etc. The heat gain resistance, Rgain , is written as

Rgain =

(T

avg ,c - h
out

env
- Tin ) × Atot

Qload ,in

.

avg
avg
avg
avg
Qload ,in = SHGC × ( I sol
, E × Awin, E + I sol , S × Awin, S + I sol ,W × Awin ,W + I sol , N A×win , N )

(12)
(13)

where
SHGC = Window solar heat gain coefficient (-),
Rgain is a fictitious thermal resistance based on the assumption of a given temperature gradient,

(T

avg ,c - h
out

- Tin ) , which allows all thermal resistances in Eq. (2) to be lumped together.

3 Result
The proposed BEP metric of this paper has been validated against transient energy modelling
simulation tools (EnergyPlus, 2018). The simulated building was setup as a rectangular building
and with characteristics described in Table 1.
The overall heating and cooling demands were computed for 16 different U.S. climate zones
(IECC, 2015) and the indoor temperature was kept at 20°C [68°F]. As seen in Eq. (2), BEP
relies on the effective heating and cooling degree hours. These hours are calculated based on
all loads contributing to the indoor temperature. In general, cooling and heating degree hours
are calculated under the following conditions:
cool
eCDH when Qnet
>0
heat
eHDH when Qnet
<0

(14)
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cool
avg , c
env
Qnet
= R × (Tout
- Tin,cool ) × Atot
heat
net

Q

= R × (Tin,heat - T

avg , h
out

)× A

env
tot

(15)

Table 1. Simulation model used to validate the BEP metric.

Length x Width x Height
Window Area
SHGC
R-value Wall/Roof/Window/Slab
Solar absorptance Wall/Roof
Surface heat transfer coefficient - Interior/Exterior
Air tightness

20 x 15 x 4 m [65.6 x 49.2 x 13.1 ft]
84 m2 [275.6 ft2]
0.352 (-)
1.013/3.509/0.391/adiabatic (m2·K)/W
0.92/0.7
8/25 W/(m2·K)
Not validated

Figure 1 reveals how the cooling and heating cycle varies in the simulations for warm
(Miami, FL) and a cold (Minneapolis, MN) climate respectively.
12000

Degree Hours

10000

eHDH - Minneapolis, MN

8000

eCDH - Miami, FL

6000
4000
2000
0

Jan

Feb

March

April

May

June

July

August September October November December

Figure 1. Variation in effective heating and cooling degree hours between a hot (Miami, FL) and cold
(Minneapolis, MN) climate. eCDH and eHDH are calculated in accordance with Eq. (15).

A comparison was made for BEP between various comprehensive simulation models
(EnergyPlus, 2018; IBP, 2019; van Dijk, Spiekman, and Hoes-van Oeffelen, 2016). Figure 2
depicts simulated cooling and heating demand for 16 locations in the U.S. According to this
result, the BEP shows good agreement with more sophisticated simulation models. The main
reason to the discrepancies depicted in Figure 2 for the simulated heating and cooling demand
seems to be a result of dissimilar approaches to compute heat surface film coefficients.
As previously discussed, the BEP metric will account for various variables that are
dependent on exterior climate conditions. Figure 3 reveals the variation of BEP for various
climates. According to the figure, colder climates tend to require an overall greater energy
demand, thus a higher value of BEP.

526

180

EnergyPlus

40

BEP Metric

30

WUFI Plus

150
120

90

R5C1

20

60

10

30

0
80

70

EnergyPlus

60

BEP Metric

50

0
300

250
200

WUFI Plus

40

150

R5C1

30

100

20

50

10
0

0

Cooling Demand (MMBtu/year)

50

Heating Demand (MMBtu/year)

Heating Demand (MWh/year)

Cooling Demand (MWh/year)

Simon Pallin, Jason W DeGraw, Mahabir Bhandari and Tyler Pilet

Figure 2. Validation between the proposed metric, EnergyPlus, R5C1, and finite element simulations. The
proposed metric shows good agreement with more sophisticated simulation procedures.
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Figure 3. Variation in BEP between 16 different locations and U.S. climate zones for the validated building.

4 Conclusions
This paper introduces a new building envelope thermal performance metric, BEP. The metric
accounts for all relevant heat transfer mechanisms affecting the energy demand of a building
due to outdoor climate and interior thermal loads; conductive heat transfer, air infiltration, solar
heat gains affecting opaque building envelope surface temperatures and indoor heat loads. This
paper also presents an initial validation study by comparing simulation results from various
whole building energy simulation tools. According to the comparison, BEP can predict overall
energy performance similarly to existing simulation tools.
The purpose and advantage of BEP are that it does not require an iterative simulation
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procedure. Instead, the proposed metric relies on input data given by the geometry of the
building, thermal characteristics and outdoor climate date. This feature allows for a quick, yet
accurate, thermal performance assessment of a building.
Lastly, BEP serves as an overall building envelope thermal performance metric. This allows
for easy comparison of the thermal performance of buildings with varying building type,
characteristics, and climate location. Additionally, the BEP allows for efficient comparison of
the predicted energy performance of planned retrofits.
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Abstract. The aim of the paper is to analyze practical aspects with use of 3D Model for accurate
building condition assessment. Use of fully interactive visualization methods from a technical condition
assessment platform going to be, especially taking into consideration current COVID-19 scenarios, a
very supportive tool for the massive inspection of building stocks, particularly in big residential areas.
The authors present the approach based on high-performance images that were captured by Unmanned
Aerial Vehicles (UAVs). The next step is the generation of a 3D model and orthophotos of building
facades. The graphical information together with tables of attributes will allow the interactive georeferenced management and assessment, that is proposed as a form of interactive cooperation. The idea
of this approach corresponds widely with the Building Information Modeling aims. The authors
introduce the methodology, stages of the inventory and follow-up process carried out within the platform
requirements together with advantages of the visualization techniques, basing on a particular case
study. Technical details about the information system and the analysis connected with the visualization
utility will be presented and illustrated.
Keywords: Technical Condition, Assets Assessment, UAV, BIM, GIS.

1 Introduction
The main aim of this paper is to introduce the further research and development of the utility
previously presented by Banaszek et al. (2019) for the accurate assessment of the technical
condition of buildings, as an efficient strategy and platform for the massive inspection of
building stocks, in big residential areas. The approach is based on high-performance images
captured by UAVs, and it is inspired by authors’ previous works in the context of the Building
Research Analysis and Information Network (Serrat et al., 2011, 2017).
The first successful ideas about using images taken from a model helicopter partly for the
generation of a 3D-model of an historical mill we may find in Zischinsky et al. (2000). In recent
years, there has been a growing demand in using UAVs for variety of purposes including
monitoring, surveillance and information collection tasks. The application contexts and the
objectives are different and diverse: natural disasters detection and monitoring, (Alexis et al.,
2009, Neto et al., 2012, Popescu et al., 2015), marine-oceanic missions, (Rubio et al., 2004;
Reineman et al., 2016; Schaub et al., 2018), surveillance of complex urban environments
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(Semsch et al. 2009) among others. The specific use of multiple UAVs for a persistent
surveillance aim has been also considered, and studied with optimized algorithms in (Nigam et
al., 2012). Even taking into consideration all mentioned applications and research, the use of
UAVs for collecting accurate information in a building, with purpose to assess and monitor its
technical condition, has not been enough established. Few seminal studies have been developed
(Eschmann et al., 2012; Hallerman et al., 2015; Banaszek et al., 2017) and by Serrat et al.
(2018, 2019).
The idea presented in the article includes the full interactive visualization method for
building condition assessment platform and may be considered as a part of the broadly
understood Building Information Modeling (BIM). As a real-time capturing of data technology,
UAV is used in the construction industry. In the recent years, the UAVs have been successfully
used for different construction and operation applications of various types of construction
projects (Asnafi et al., 2018). The topic of adapting the UAV technologies to efficiently collect
information for an efficient BIM update, building management and documentation is being
studied and considered in terms of systematic use by various authors (Vacanas et al., 2015;
Chen et al., 2019; Grosso et al., 2020).
The paper is organized as follows. In Section 2 it will be presented the main methodology.
Section 3 contains description of the case study and details of the procedure illustrated by a)
the resulting 3D and 2D models for the building under assessment, and b) pictures of the
elements, damages and severities identified by the methodology as a result of the inspection.
The paper ends with a summary and the main conclusions of the conducted research.

2 Methodology
The new technologies in UAV data acquisition brings new opportunities in this field. In general,
the method of visual building inspection using UAV is divided into two stages: data acquisition
(in-flight) and digital post-processing (post-flight) (Eschmann et al., 2012). The quality and
variety of data obtained from UAVs depends largely on installed sensors, the technical
capabilities and good planning of photogrammetric flights. The flight mission of the UAVs has
been technically protocolized in order to get the proper high-quality information about the real
condition of the building. Based on that, the following methodology of a Fully Interactive
Visualization is established and studied for building condition assessment.
Various research results (Mesas-Carrascosa et al., 2014.) proved that the UAVs orthophotos
satisfactorily passed the spatial quality tests. The tested areas include urban, flat, agricultural
and woods lands. Lately research have proposed building damage detection algorithms which
use remote sensing technology. To estimate building damage detection and urban structural
damage methods using UAV images and using 3D models’ various authors described their
possibilities (Torok et al., 2014; Fernandez et al., 2015; Maliki et al., 2016) The results shows that
geometric parameters derived from the 3D point cloud can reveal damage indicators that are
difficult to detect in the original imagery.

3 Case Study
The building was selected after taking into account the visible technical wear of the facade, the
complicated shape and roof, and its location in a dense urban surrounding. The flight plan was
established separately for each of the six facades and one for the whole roof, out in total there
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were seven flights. The location in dense urban buildings required great caution during the
flight. Usually during the flight there are variety of obstacles like the location of the sidewalks
and the roadway next to the building caused the necessity of interrupting the flight when
pedestrians or cars appeared, in particular the buses. Despite all these difficulties, the flight was
carried out, which finally confirmed that the suggested solution can be used for the majority of
buildings requiring a technical condition assessment.
For the experiment the DJI Inspire One lightweight quadcopter with the following
specifications were used: weight: 2935g, vertical GPS accuracy: 0,5 m (accuracy
determination), horizontal GPS accuracy: 2,5 m (accuracy of X, Y coordinates), Climb speed:
5 m/s, max. drop speed: 4 m s, max. cruising speed: 22m/s (ATTI mode, no wind), maximum
flight height: 4500 m ASL (Above Sea Level), max. wind force:10 m/s, flight time: 18 minutes,
operating temperature: -10 ° to 40 ° C, size: 438x451x301 mm. Digital camera (RGB sensor)
has been used to obtain digital images with the following specifications: 12Mpix resolution
(4000x3000), physical size 6.170mm x 4.628mm, focal length: 3.55mm. The flight weather
condition was high humidity and transient slight rainfall, the temperature was about +5 degrees,
wind at about 5 m/s (in gusts up to 10 m/s). As can be seen in Figure 1, despite the difficult
weather conditions, vertical flight lines, including the assumed longitudinal and transverse
overlap, have been preserved.
3.1 Digital Processing, Orthophoto Plans Generation and 3D Model
During the flight, 818 photos with a volume of 4.06 GB were made. As part of the inspection,
no blurry photos were found and all of them were included in the processing process performed
in the Pix4D software.
A desktop computer with the following parameters was used for processing: CPU: Intel (R)
Core (TM) i7-2600 CPU @ 3.40GHz; RAM: 16GB; GPU: NVIDIA GeForce GTX 750 (Driver:
25.21.14.1694). The total processing time in the first iteration with standard processing settings
was almost 7 hours:
Time for Point Cloud Densification - 3 hours. 44 min.
Time for 3D Textured Mesh Generation - 28 min.
Time for DSMGeneration - 42 min.
Time for Orthomosaic Generation - 1 hour. 42 min.
The following results of processing have been achieved:
GSD at the level of 0.36 cm / pix.
817 out of 817 images calibrated (100%), 1 image disabled.
1.93% relative difference between initial and optimized internal camera parameters.
Median of 13924.4 matches per calibrated image.
At this stage, it can be confirmed that the coating, despite the difficulties, was made correctly
and the material can be used to generate the facade and roof elevation for the purpose of
assessing the technical condition of the building. The final effect in the form of a 3D model
generated in the 3rd iteration after cleaning the point cloud and recalculating the design is
shown in Figure 2.
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Figure 1. Location of images (view of the west facade).

Figure 2. 3D model generated after three iterations.

Because of the GPS signal disturbances occurring during the raid, the data was processed in
two blocks. Block I included the following elevations: south-west, west, north-west, north-east
and a roof, and Block II included the south-eastern elevation.
On the one hand, it was necessary to enter the 11 manual tie point and reprocess the data to
align the blocks. As a result, the cloud was generated in one block, and the inventoried object
was characterized by the correct geometry, shape and proportions. Finally, the relative camera
position and orientation of the uncertainties X, Y and Z was obtained at <0.025 for mean and
<0.015 for sigma. On the other hand, it was also convenient to carry out manual cleaning and
classification of the point cloud to generate a 3D model devoid of artifacts. (Figure 3 and Figure
4). This was long 6 hours process, but it resulted in the generation of a model practically free
from contamination. The model allows it to be used for the visualization of selected, inventoried
phenomena in 3D space in a natural way for the user. The carried-out process of cleaning the
point cloud additionally influenced the quality of the generated orthophotoplanes of the facade
and roof. In this stage, for each of the elevations an orthophotoplan separation was generated.

Figure 3. Visualization of the generated model in
3D space.
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3.2 A Square Grid and the Classification of Building Elements
In order to additionally view the selected image directly from the GIS application by indicating
its center, the above-mentioned data should be enriched with the path to the directory in which
the images will be ultimately stored. Good option for it is to use batch directory inventory
software that saves data most often in a .txt file. Today's spreadsheets give us possibilities that
can easily combine the contents of both files and generate a .txt or .csv file with the appropriate
structure. The files prepared in such manner which are imported into the GIS software, after
indicating columns containing the selected coordinates, enables visualization of image centers
and preview of images directly from the application without the need to know their physical
location. In case of image visualization in the orthophotomap area, we use the X and Y
coordinates, in the case of orthophotos of elevations vertical Z and Y. During the. experiment
it was generated a file consisting of 926 records, containing 5,556 attribute values. The next
step to assign specific values of selected attributes for a previously defined part of the facade is
to create a matrix of squares with an appropriate size. In our case study 40cm was chosen as a
convenient.
The most required elements of the facade that are classified in the manual process include,
parts of the geometry of the facade and the roof, window and the door joinery and architectural
details. In further research with various assumed accuracy of the final inventory of all basic
elements of the building one can be subjected to classic polygon vectorization (for the most
accurate inventories) or indicated by assigning individual mesh squares a value corresponding
to the inventoried elements (for the parts of inventory which requiring less accuracy). In case
of this experiment, we used the second method and 5 classes of elements were defined: 1 - wall,
2 - molding, 3 - window, 4 - plinth, 5 - door (see Figure 5). Figure 6 shows the colorful
identification of the elements.

Figure 7. List of classes of identified facade
elements.

Figure 6. Ortophotoplan with completed
qualification of inventoried elements.
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3.3 The Visual Inventory of the Building
In the last stage, inspector carries out a visual assessment of the technical condition of the facade
and determines the degree and type of damage on the basis of orthophotoplanes, looking at the
square grid and classification table. Such implementation enables the automatic visualization
of the technical condition in accordance with the indicated criteria and the determination of the
area and position of each type of defects in the asset under inspection (Figure 7).

Figure 7. Visualization of different elements and damages identification.

4 Conclusions
The Full Interactive Visualization Method for Building Condition Assessment introduced in
this paper, which is based primarily on high-quality digital information obtained from the deck
of an unmanned aerial vehicle and good knowledge of inspector, proves to be the appropiate
tool for the assessment of the technical condition of assets in residential areas. Digital images
together with geoinformation data (photos, 3D model, orthophotos) with substantive data
(facade element classification tables, damage classification tables) create a platform that allows
intuitive access to view, to classificate, to edit and to perform the analysis of selected data, in
two different modules:
• The 3D module enables the visualization of selected inventoried elements or
characteristics of the asset under inspection in a 3D space in a natural way for the user
and is most often used to carry out inspections and move around the model.
• The 2D module allows the technician to visualize selected inventoried elements or
characteristics of the asset under inspection in a 2D space in a way that enables a more
accurate and reliable identification, location, measurement and assessment.
The proposed platform provides to the users with a modern and efficient utility enabling full
integration of the construction inventory process with BIM. In times when it is becoming
difficult to arrange all work in a traditional form, due to the COVID-19 pandemic constraints,
this tool optimizes the tasks of the different working groups. A proposal that makes feasible the
situation in which the inspector's work can be efficiently carried out completely online.
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Abstract. Structural changes taking place in buildings and structures due to the passage of time are a
normal phenomenon. However, the building objects are also adversely affected by atmospheric
conditions or violent natural phenomena. Every year, our surroundings are increasingly attacked by
extreme weather phenomena such as: floods, hurricanes, heavy storms with rain or extreme heat. Such
phenomena are natural elements of nature, however they significantly interfere in the technical
condition of the building. They often cause measurable economic losses: flooding, cracks, construction
displacements and even their total destruction. At the time of estimating losses, calculating the costs of
repair, and then making decisions about the method of restoration, a helpful tool can be laser scanning:
terrestrial, airborne or mobile, depending on the character of the object and the size of the disaster. The
paper presents an identification of defects and hazards in structures based on the point cloud using the
OptD method.

Keywords: Buildings, TLS, OptD, Defects, Hazards.

1 Introduction
Building objects are subject of the influence of various factors that affect their technical
condition. Every day various types of atmospheric conditions and weather phenomena occurs
(wind, snow, rain, sun) but there are also such as violent phenomena that are usually extreme
(hurricanes, floods, earthquakes, etc.). Either way, when the technical condition deteriorates,
engineering objects should be monitoring periodically or due to the impact of a sudden
phenomenon.
Traditional methods of checking the condition of buildings are extensively time consuming,
laborious, and expensive and pose health and safety threats to surveyors. They rely on the
employment of building inspectors, who assess the technical condition. Inspections take a long
time because they require many photos, drawings and notes. It sometimes happens that
inspector has to return to the inspection site many times because not all relevant information
has been registered. Therefore, further suggestions are being made to solve this problem, such
as the use of wireless sensor networks or smartphone sensors (Noel A.B. et al.,2017), (Kong Q.
et al., 2018). In addition, classic inventory may pose a threat to building inspectors, especially
in hard to reach places or at heights (Perez H. Taha J.H.M and Mosavi A. 2019). Another factor
that is important is the timing of inventory taking. In the manuscript authors (Perez H. Tahy
J.H.M and Mosavi A. 2019) also noticed that clients are increasingly looking for fast and
effective means to quickly and frequently survey and communicate the condition of their
buildings. Therefore, the search for new ways to obtain a large amount of data in the shortest
possible time is also a topic that appears in the area of conducting building monitoring.
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Terrestrial laser scanning has been widely used for many years, especially when creating
various types of architectural documentation. It can be also used to monitor various types of
objects for example: buildings (Przyborski and Tysiąc 2018), forests (Liang X. et al., 2016),
power lines (Maikainen, L. et al., 2016) etc.
It allows to collect a large dataset saved as a three-dimensional coordinates and intensity
parameter. Having access to this type of data, one can conduct various types of analyses,
simulations, calculations, etc. About effective use of both terrestrial laser scanning and the
OptD method used to identify various defects in buildings one can read in manuscripts
(Suchocki and Blaszczak-Bak 2019), (Sochocki et al., 2019).

2 OptD Method Description
TLS measurement technology is relatively simple, fast and effective technique for obtaining
data, which one can then develop according to your preferences. The biggest problem for the
operator is the size of the datasets. Many times, these are multi GB files. Data can be recorded
with different resolutions ranging from tens of centimeters to single millimeters. The resolution
and range of the measurement has an impact on the time of measurement but also on the final
results.
Thus, obtaining data is only part of the task associated with the use of point clouds to
identify defects and hazards in building constructions. If the object is scanned with high
resolution, the acquired point cloud is a huge data set. Usually its original size is difficult to
process because it requires high performance hardware. The solution to this problem is to
reduce the point cloud by eliminating some points. Commercial programs usually contain basic
methods of data reduction: random or with an assumed interval, etc. The disadvantage of doing
so is that as a result of random reduction one can lose many valuable points associated with the
geometrical features of the object. The proposal presented in this paper is to use the OptD
method during data processing.
The OptD method has been already presented in papers (Błaszczak-Bąk 2016), (BłaszczakBąk et al., 2017), (Błaszczak-Bąk et al., 2018). This method was developed to reduce the
dataset without losing the information that is necessary for the correct implementation of the
planned task. It allows to reduce the dataset significantly, but preserving the characteristics of
the object, and in particular, to obtain points representing the study object. The OptD method
is carried out in the following stages by Suchocki and Błaszczak-Bąk (2019).
The diagram showing the principle of operation of the OptD method that was used during
the tests is shown in Figure 1.

3 Description of Sample Objects
As it was mentioned at the beginning, one can distinguish construction objects that should be
inventoried because they are deteriorating due to the passage of time or those whose technical
condition has deteriorated due to an event related to the operation of nature. Regardless of the
reason of the inventory, it happens that staying inside the inventoried object can be dangerous
for the inspector, or there are uncomfortable conditions for longer staying. It may also happens
that direct access to the defect is difficult or not available. The paper present selected cases that
were the subject of measurement and with which the authors have personally encountered.
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Figure 1. The scheme of the OptD reduction method.

Figure 2 presents the ruins of historic tower. In case of this tower's ruin important is to keep
the fragments that are still in a quite good condition. Besides, in the underground of these
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buildings there are also basements with no access to daylight. Due to the fact that there is no
access to daylight or even artificial light and that the above ground remains of the tower are in
a very poor condition, being in its underground is very dangerous. The technical condition of
the basement is periodically checked and in this case, a terrestrial laser scanner can be a great
tool because it doesn't require access to light during measurements.
Tower’s ruin

Figure 2. The ruins of historic tower.

The next object is a fragment of a retaining wall that supports the escarpment surrounding
the primary school. The wall suffered because of a heavy downpour, therefore as a result of the
natural phenomena The sudden and huge amount of water that fell on caused a lot of damage.
Heavy rain eroded the area above the escarpment, and then the ground and water flowed down
destroying the retaining wall. Figure 3 shows the fragments of the destroyed area.

Figure 3. Retaining wall destroyed as a result of heavy rain.

The last example is an object exposed to deformation due to subsidence. This is a church
and monastery of Franciscan fathers in Barczewo, that was built in the 14th century. The Gothic
church needs urgent renovation because its technical condition has deteriorated significantly.
The main reason is age and the unstable ground on which the church was built. As a result
one of the church walls tilted significantly and cracked what is presented in Figure 4.
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Figure. 4 Slanting church wall.

4 Results of the Processing Using OptD Method
Input point cloud is a very large dataset with the resolution of even single millimetres. Such a
high resolution allows to present the tested object with high accuracy of details. However, it
also happens that too densely distributed points on the scan, can hide some of the important
information. The examples presented in this section show the advantages of reducing the output
dataset using the OptD method. As a result of the reduction of the point cloud on selected
objects, defects and hazards occurring on them were identified and presented in figures 5, 6 and
7.
Figure 5 shows detection of the basement brick wall defects using the OptD reduction. After
the point cloud reduction with the proposed algorithm, those areas that have the greatest effects
can be seen more clearly. OptD reduced the most points in areas that did not show significant
changes in structure (in the middle of scanned object). In the area where the changes are larger,
more points remain. This is visible at the bottom of the scan as a more intense green colour.
Figure 6 presents the second object and the result of the OptD reduction algorithm. The input
point cloud (100 %) represents the measured object but it is difficult to observe this fragment
of the wall that has been damaged. Reducing the data set by 95% allows to more accurately
observe the area that is characterized by the largest defects in the wall.
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The largest defect

Figure 5. Detection of basement brick wall defects based on OptD: the input point cloud (100%) and the
reduced dataset (5%).

Figure 6. The retaining wall – input dataset and the reduced point cloud.
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The last object is the wall of the church, which as a result of subsidence of the soil leaned
out of the vertical and on its surface also formed cracks. Again, the reduction of points allowed
to observe (in the form of a darker areas) the place of cracks (red line marked).
100%

5%

Figure 7. The slanting and cracked church wall.

5 Conclusions
Planning to measure using a terrestrial laser scanner, different approaches can be adopted. One
can plan the measurement with lower resolution so that the distance between the measured
points is several centimeters, and thus limit the data reduction process. Unfortunately, operator
never knows exactly where the laser beam will reflect and which points will be measured and
recorded. This may result in the necessity for re-measurements to udate missing information.
One can also take measurements with high resolution but it takes more time, and the big dataset
is obtained but a full set of information is available.
A good solution is to use the OptD reduction method in the processing of data obtained from
laser scanning. The application of the OptD allows to keep more points of interest area where
surface is imperfect (cracks and cavities) and reduce more points of the low interest
homogeneous surface (redundant information).
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Visualization
Michał Bednarczyk and Tomasz Templin
University of Warmia and Mazury in Olsztyn, Faculty of Geoengineering,
Institute of Geodesy and Civil Engineering
Abstract. The use of mobile devices such as smartphones still increases over last years. Smartphone
hardware capabilities are comparable with average personal computers. Thanks to the increasing
computing power, their application is focused on more and more sophisticated and complex tasks.
These includes among others augmented reality (AR) applications, which support precise GNSS
localization and use signals from such devices like accelerometer or gyrocsope. They are able to
create interactive, immersive real-time visualisation of any kind. The article presents a prototype
Mobile Augmented Reality (MAR) Application for visualization of the building facades. It allows to
support the original look of the building with the additional information from database. Software of
this kind, can be used for overviewing, inspecting or work planning carried out on the facade of the
building. As a part of the test, a prototype of the MAR application for Android has been prepared.
Rest of the solution components have been presented in form of a concept, implementation of which is
planned in near future. Basic technical assumptions are already developed, but details may change.
The paper mentions also some important AR problems, especially positioning in urban environment
and accurate registration of digital objects in the real world.
Keywords: Mobile Application, Augmented Reality, Technical Documentation of the Building,
Spatial Information System of the Building.

1 Introduction
The management of building maintenance is an important topic around the world,
especially in recent decades, with the incorporation of tools to automate the tracking
information and potential follow-up. From the social point of view it is illogical to leave the
building stock without control. (Serrat, Gibert 2011) This is the reason why many companies
and institutions invest in modern IT solutions to improve the process of ongoing buildings
inspection. Data collected in this process are primarily: field data, cartographic data,
cadastral data as well as plot building/facade data, architectural characteristics, existing
elements and materials and the state of damages at the time of inspection. (Serrat, et al. 2016).
Data collected reliably and systematically play a special role in monitoring and analyzing the
degradation of building facades. In this way, the monitoring and maintenance of valuable
historic buildings and the planning of ongoing renovations are significantly supported.
(Gibert et al. 2014). The data analysis process is automated using various IT tools, including
GIS systems, which are widely known and used in many fields. They allow to combine and
process spatial data and non spatial data from many sources at the same time. This gives an
ability to perform analysis, plan and undertake decisions in real world.
As observed in past years, there's been a new technology developed, which is called
Augmented Reality (AR). It gives the ability to present data in a new way, not available
before. AR means any system that “augments”, or overlays, the real world with digital

doi:10.23967/dbmc.2020.186

545

Michał Bednarczyk and Tomasz Templin

information that seems to co-exist with the real world. (Azuma 1997) Over the past few
decades, this once theoretical field has matured into a mass medium (Ahonen 2012) with
applications spanning countless industries. Speaking of AR, which is used in mobile devices,
many authors (Höllerer, Feiner 2004; Henrysson 2007) use the term MAR (Mobile
Augmented Reality), to clarify the scope of its application. AR technology, can be understood
as a special video effect or real time digital image editing. It is similar to the techniques used
in film editing or television. In this way, the illusion of "extending" or "augmenting" the
observed reality with additional information and images can be obtained.
Generally, the combination of digital image with the real view is obtained by the use of the
digital camera and the sensors like GPS/GNSS receiver, inclinometer, magnetometer,
accelerometer, compass and other, which provide information about the location and
orientation of the mobile device. Siltanen (Siltanen 2012) writes that AR technology connects
two fields like:
● computer graphics needed for photorealistic rendering and interactive animations,
●

computer vision used for marker and feature detection and tracking, motion detection and
tracking, image analysis, gesture recognition and the construction of controlled
environments containing a number of different sensors.
● Taking into account other technologies needed to develop a working AR application, also
should be mentioned such fields as:
● GPS/GNSS and indoor navigation which is necessary in localization purposes. While
GPS/GNSS navigation is quite accurate in open space, it doesn’t work inside buildings
nor under obstacles. Indoor should be used other navigation methods based on such
technologies like e.g. WiFi or Bluetooth signal or image-based localization (Janowski,
Bednarczyk 2016),
● digital cartography and mapping to provide spatial data presentation and georeference,
● WWW applications technologies, Service Oriented Architecture (SOA), Database
Management Systems (DBMS) and other technologies for data storage, sharing and
communication.
AR starts to be widely-used and ideas for its usage can be multiplied almost indefinitely.
The most obvious and popular seems to be the usage in tourism, where tourist attractions, can
be observed directly on the smartphone screen, giving additional information during the tour
(Kounavis et al. 2012). Application of this technology can be found in many other fields,
where presentation of spatial data is needed. For example in architecture AR is used to
present the three-dimensional models of buildings, housing estates and cities, visualization of
the construction details, including installation and equipment or interior designing and
decoration (Broschart et al. 2013; Xiangyu 2009; VTT 2013). AR is also used in spatial
designing and planning for presentation of three-dimensional scale models and visualizations
of projects in a real environment. Augmented reality maps, the content of which is expanded
with additional information, descriptions, graphics or 3D objects, also seems to be an
interesting spatial data presentation form (Moloney, Bharat 2011).
Observing such a variety of applications, the hypothesis can be formulated, that AR
technology can be helpful in the building inspection process. Generally, this process is based
on a comparison of the current state of the object with the state from previous years. On this
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basis, conclusions may be formulated regarding further actions. An important element here is
the visualization of the current and historical state in the context of the building being under
study.

2 How does Augmented Reality Work
AR Glossary, document published by the AR Community, mentions that augmentation means
a relationship between the real world and a digital asset (AR Community 2017). It can be said
that AR mixes virtual objects like graphics, sounds, videos,3D models etc. with the view of
actual world. The effect of an augmentation is a composed scene. Augmentation may be
formalized through an authoring and publishing process where the relationship between real
and virtual is defined and made discoverable.
There are two primary techniques for image generation which lead to obtain the AR effect
(Lechner 2015; AR Community 2017), they are:
1. Geospatial based Augmented Reality.
2. Computer-vision based Augmented Reality.

Figure 1. An example of geospatial based AR application supporting searching geodetic points in the field.

To compose a scene in geospatial based AR, algorithm needs the user’s location and
orientation in a geographic coordinate space. Determination of location is based on geopositioning techniques such as GPS/GNSS, WiFi or other (e.g. Bluetooth). Sometimes,
location can be determined by scanning specially prepared marker for that purpose. Device's
orientation parameters like rotation, slope or direction are approximated, using sensors such
as a digital compass, accelerometer or gyroscope. Once approximated device’s orientation
may be also refined by using computer vision techniques. The virtual object can be any
digital object like image or icon. To place the virtual object in the right place on the screen
and compose the AR scene, the real feature’s location is also needed. The augmentation
occurs when user is in the vicinity of real object and points on it with a device’s camera. The
software will automatically determine the location and orientation of the device and display
respectively generated image (virtual object) on the screen (Lechner 2015). Figure 1
demonstrates the example of augmentation performed in described way. In this case there’s a
database of geodetic points, which are placed in the field. AR application connects to
database of points and selects these, which are in the vicinity of the device. Then the
augmentation process occurs and the searched point appears on the screen (Bednarczyk
2017(b)).
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In computer-vision based AR, the computer vision algorithms are used to process the
image viewed by the camera, and compare it with the reference images. Augmentation is
obtained when application recognizes and identifies fragments of an image and displays on
this place virtual objects. Figure 2 shows the example of augmentation performed this way. In
this example, the reference images are created from raster image fragments of analog map.
They represent each building on the map. Each building has it's individual virtual
representation in a form of automatically generated icon with basic information acquired
from GIS database. Furthermore each virtual icon has an interactive button "Details". When
user directs the smartphone camera to the map, application recognizes the reference image
and displays a virtual icon at this place. When user touches the “Details” button on the screen,
application leeds him to additional information selected from database and displayed in a
form of website (Bednarczyk 2017(a)).

Figure 2. An example of computer-vision based AR on analog map.

3 Building Facade Visualization
As mentioned earlier, AR technology can be helpful in visualizing information about the state
of the building facade during inspection. By mixing the real view of the object with the
previously collected data, a direct comparison of the current and historical status can be
obtained. A working prototype of the application, shown in fig. 3 uses computer-vision based
AR to recognize the facade of a specific building. After that, an image (drawing) is overlayed
that can contain any previously collected information related to the building, such as:
- descriptions and markings of construction elements
- descriptions and markings of defects and damages
- installation descriptions and markings
- interactive elements - to get additional information or perform an action in the
application
- historical facade photos
- other useful information
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Figure 3. Additional, sample information about building facade presented in AR mobile application.

At present, the application prototype is able to recognize the facade and display AR
content. This software works in client-server architecture. Client application runs on a mobile
device and is responsible for mixing and displaying the final image. Building the virtual
"world" and sharing data is done on the server side. Further work will be focused on
expanding the system's functionality.
First of all, it is needed to create an appropriate database of reference images like pictures
of building facades. For the purposes of this experiment, a photo from Google Street View
was used. It seems that in many cases this may be a sufficient source of images. However,
this is a collection obtained automatically and, as a result, there is a risk that there may be
photos taken at the wrong angle or some buildings may have been obstructed by obstacles
(vegetation, people, vehicles, etc.). In addition, Street View vehicles do not visit every street
or passage, but only the most important ones. Still, as of today, Street View appears to be the
largest source of data of its kind.
Another important component is the inspections database of individual buildings. For
testing purposes, the virtual image has been prepared manually in PNG format. It should be
possible to save this data partially in vector format in a database. Thanks to this, it will be
possible to generate virtual objects automatically.
To optimize performance and limit data transfer, the application should include an
algorithm that allows selection of only those inspections that are closest to the observer. This
can be solved by performing database queries taking into account GPS / GNSS location of
the mobile device. If the proposed software is to be useful, in addition to viewing inspection
data, it should be possible to edit it on site in real time. Thanks to this, inspection data could
be supplemented based on the existing technical condition of the facade. All of proposed
software should work under control, or be part of, more general system such as GIS or other
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spatial information processing system of this kind. Schema of the conception of proposed AR
system for building facades is presented in fig. 4.

Figure 4. Components of proposed AR system for building facades.

4 Additional Observations and Results
In author's previous work on AR, some disadvantages have been observed in creating
augmented reality scene (Bednarczyk 2017 (a,b)). In case of geospatial based AR, the
problem is accuracy of GPS positioning, which influences quite significantly on AR virtual
objects location displayed on the smartphone screen. If the GPS position error is small, AR
marker indicates the destination with sufficient accuracy to identify the searched object - e.g.
a geodetic point. For larger position errors, AR marker is positioned incorrectly in
inappropriate place. Sometimes there is also a complete lack of GPS signal (e.g. in the forest,
urban canion or while cloudy day), then the application does not work properly. This can be
remedied by cutting off these observations that give too little accuracy in position
determination. However, minor errors, if they occur frequently, will cause the effect of
"swimming" or "jumping" virtual markers on the screen. In case of computer vision based
AR, no such effects were found, but only point-oriented markers on small fragments of the
analog map observed from a short distance - a few centimeters - were examined. In addition,
their appearance was compact in form of an simple icon.
In this article, the virtual image covered larger area, the drawing was composed of many
elements, and observation distance was several meters. In this case, it was observed that the
position of the virtual image begins to deviate from the originally assumed, when changing
view perspective or distance. Therefore, additional correction algorithms should be used to
improve the generation of the AR scene in such cases, which will be considered in future
work.
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5 Conclusions
It can be assumed that visualization of building facades using AR can support the process of
collecting data in the field. Using AR technology, one can display data from previous
inspections, BIM, a database, or e.g. archival photos, overlaying them on the actual image of
the building in real time in the field. Thanks to this, one can easily make a comparison with
the existing state, make a quick view, take notes and decide whether to update the data.
However, in order to ultimately achieve the goal, further work needs to be done to refine
the proposed solution. This applies above all to the system architecture, which should be
expanded with appropriate components to ensure efficient and effective work, such as
database of inspections and reference images. In addition, it is worth considering refining the
algorithm responsible for generating the AR scene in case when observer changes the view
perspective or approaches facade of the building.
Finally, considering the pros and cons of two different methods of generating an AR scene,
it can be stated that, in case of facades visualization, computer vision based AR gives better
results when creating an AR scene than geospatial based AR.
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Abstract. Building structures are exposed to the impact of various forces and natural

phenomena. Earthquakes, heavy rains, displacements of land surrounding the building can
have a significant and negative impact on the elements of buildings or entire construction
objects. Terrestrial laser scanning technology can be successfully used to obtain data on
changes in the structure of an object. This papier discusses the use of TLS as a measurement
method for obtaining information on displacements and deformations that have occurred after
heavy downpour. As a result of the rapid rain, the ground displacement occurred, which in
effect led to damage to the retaining wall. The terrestrial laser scanning was used to measure
the area covered by the displacements and the M-split method to model the obtained data.
Keywords: Buildings, TLS, M-split Estimation, Defects, Hazards.

1 Introduction
Laser scanning technology allows to obtain a large amount of information about an object in a
short time. For this reason, this technology is becoming increasingly popular also in buildings
monitoring. Traditional methods of monitoring work require the involvement of building
inspectors who assess the technical condition of the object. They take a series of measurements,
drawings and photos and then the collected data are analysed. Sometimes it turns out that some
information is missing or the inventory was not carried out correctly. In the classic approach to
inventory, deficiencies in documentation require a re-visit to the site of inspection. Terrestrial
laser scanning allows you to acquire data as a point cloud of varying accuracy. It is possible to
measure an object with a resolution of 1 mm if such accuracy is required. Each measured point
has three coordinates X, Y, Z and the intensity parameter. Thus, very detailed data about the
object is obtained, that can be in the next step analyse.
Because some structures of building objects can be represented as vertices, lines, planes or
others and can be described by a mathematical function. This gives the opportunity to automate
the data processing what was discussed in many publication for example: Janowski and
Rapiński (2013), Wang and Hsu (2007) and Zheng (2008). With this assumption it is possible
to analyse for e.g. the building wall planarity, edge verticality or vertical and horizontal
displacements. In the case of testing the displacement of two elements that constitute two
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planes, the Msplit estimation method can be used. The method developed by prof. Wisniewski
(Wiśniewski, 2008), allows to split a functional model into two or more models, and thus
identify for example two planes in the cloud of points. This paper presents the possibility of
fitting planes into one cloud of points so that it is possible to identify fragments of two concrete
slabs of the retaining wall that have been displaced due to ground displacement.

2 Msplit Estimation Description
The Msplit estimation method assumes that every measurement result can be a realization of
either of two or more different random variables. This estimation method was introduced by
Wisniewski (Wiśniewski, 2008) and widely described in (Wiśniweski, 2009) and (Wiśniewski,
2010). Thus, based on the assumption that the functional model is split into two competitive
model Yα or Yβ each observation has its own “split potential”— the possibility to belong to one
of the random variables. Therefore, the observation set Ω = {yi : i = 1, 2, . . . , n} is a disordered
mixture of the elements assigned to the random variables yα or yβ in an unknown way. For that
reason, each observation Yi may have either of two competitive expected values Eα{Yi} = E{Yα}
or Eβ{Yi} = E{Yβ }. In this paper the functional model V=AX+L is split into two competitive
ones which concern the same vector of observation L:
𝑽𝑽𝜶𝜶 = 𝑨𝑨𝑨𝑨𝜶𝜶 + 𝑳𝑳
𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 (𝑽𝑽 = 𝑨𝑨𝑨𝑨 + 𝑳𝑳) = � 𝑽𝑽 = 𝑨𝑨𝑨𝑨 + 𝑳𝑳
𝜷𝜷
𝜷𝜷

(1)

where A is a common coefficient matrix, Vα and Vβ are competitive vectors of random
variables, Xα and Xβ are competitive parameter vectors. To achive this task the cross weighting
procedure must be introduced. Estimation of competitive vectors (Xα and Xβ) of parameters
using the same observation vector L requires specially formulated of the objective function.
The proposed method replaces function ρ(v) with functions ρα (vα) and ρβ (vβ) according to the
equation (2) and in compliance with the cross-weighting Vα and Vβ. The weights of
observations are modified according to the following equation:
𝜔𝜔� (𝑣𝑣� ) =
𝜔𝜔� (𝑣𝑣� ) =
If

𝜌𝜌� (𝑣𝑣� ) = 𝑣𝑣�� 𝑣𝑣�� ,

𝜕𝜕𝜕𝜕� (𝑣𝑣� )
𝜕𝜕(𝑣𝑣�� )

(2)

𝜕𝜕𝜕𝜕� (𝑣𝑣� )
𝜕𝜕(𝑣𝑣�� )
𝜌𝜌� (𝑣𝑣� ) = 𝑣𝑣�� 𝑣𝑣��

(3)

Then the weight functions can be written in the following form:
𝜔𝜔� (𝑣𝑣� ) = 𝑣𝑣�� ,

554

𝜔𝜔� (𝑣𝑣� ) = 𝑣𝑣�� ,

(4)

Joanna Janicka, Jacek Rapiński, Wioleta Błaszczak-Bąk and Czesław Suchocki

The idea of Msplit estimation can be easily explained on the example presented in Figure 1.

Figure 1. The idea of Msplit estimation and Least Square Method on the example of line fitting.

Figure 1 shows a line fitting using the least squares method and Msplit estimation. Similarly,
one can fit two or more planes into a set of points by splitting the functional model into two or
more respectively.

3 Application of Msplit Estimation in Terrestrial Laser Scanning
Figure 2 shows the selected area of the retaining wall supporting the scarp. This scarp consists
of several concrete slabs which as a result of the heavy rain were displaced and a crack was
formed.

Figure 2. Two concrete slabs displaced due to ground washing.
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The selected fragment shown in Figure 2 was measured using the terrestrial laser scanner.
The scanning resolution set to 1mm /10 m. The crack, that formed as a result of the plates
displacement is about 6-7 cm wide. The selected point cloud representing the displaced slabs
and a crack is presented in Figure 3.

a crack

Figure 3. The selected point cloud representing two displaced slabs.

The classical approach would lead to fitting each plane separately with either manual
selection of points or some search algorithm. To automate the process of fitting individual
planes into the measured point cloud the Msplit estimation method was used. The Msplit
estimation fitting results are presented in Figure 4 and Figure 5.

Figure 4. The result of fitting two planes into one cloud of points representing two concrete slabs of a retaining
wall. Rotated view.
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Figure 5. The result of fitting two planes into one cloud of points representing two concrete slabs of a
retaining wall. Front view.

Figure 4 and Figure 5 present that the Msplit estimation can be successfully applied in two
planes detection. As a result of the proposed algorithm two separate data sets were obtained.
Thus, it was possible to automatically fit two planes representing displaced retaining wall slabs.

4

Conclusions

Displacements determination based on the analysis of point clouds from TLS using the Msplit estimation can be successfully performed.
- The Msplit estimation method can be successfully applied in detection of the adjacent planes.
- The Msplit estimation method can be used assuming that the functional model is split into two
models, thus it is possible to fit two planes into one point cloud.
- The possibility of fitting two planes allows for further analyzes, e.g. calculating the
displacement of two plates, the distance between them and the angle of their inclination.
The proposed Msplit method has some disadvantages:
- as a result of TLS measuring a huge dataset (point cloud) is obtained, what affects the timeconsuming data processing. So dataset should be reduced using an appropriate algorithm.
- the functional model must be selected very carefully in the terms of mathematical
description of estimated model and data structure.
These topics will be the subject to further research and publications
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Abstract. Light Detection and Ranging, as an active Remote Sensing Technology, enables gathering
accurate, three-dimensional point cloud of scanned objects. Laser scanning might be provided on the
terrestrial level for specific, defined constructions, as well as on the airborne level for aerial or linear
objects. Using a laser sensor mounted on a moving platform is currently the most efficient way of
obtaining in a short period, accurate positions of billions of points as a representation of a scanned
area. Based on this kind of dataset it is possible to perform three-dimensional analysis of the safety of
scanned objects without additional measurements in the field. This article presents the analysis
performed in vMatic software on data from Airborne Laser Scanning for medium voltage power line
verification of obstacles with the buildings. The analysis took less than 20 seconds for the detection of
buildings points that are closer than 5m from conductors for seven spans wit a total length of almost
400m. Providing distance verification on 3D point cloud data is the fastest way to obtain a hazard
awareness in a short time. Once acquired by LiDAR data can be used for other various analyses for any
construction, depending on current, expected and future needs.
Keywords: Point Cloud, Laser Scanning, LiDAR, ALS, Remote Sensing, 3D Analysis, Hazards,
Obstacles, Collisions, Power Lines.

1 Introduction
Laser scanning is the most popular technology that enables obtaining accurate, threedimensional point cloud of scanned objects in a short time. Scanning might be provided on the
terrestrial level (Terrestrial Laser Scanning - TLS) for construction like architectural heritage
(Pritchard et al., 2017), buildings (Karagianni, 2017), bridges (Truong-Hong and Laefer, 2015),
and on the airborne level (Airborne Laser Scanning - ALS) using flying platform (airplane,
helicopter, unmanned aerial vehicle - UAV), for aerial objects like forests (Hyyppä et al., 2012),
environmental heritage, as well as for linear objects: power lines (Kwoczyńska and Dobek,
2016), roads, railways (Zhu and Hyyppä, 2014), etc.
Using a multi-sensors mounted on a moving platform, as a Mobile Mapping Technology
(MMT), is currently the most efficient way of obtaining in a short time, accurate positions of
billions of points as a representation of a scanned area (Tao and Li, 2020). MMT is using mostly
in projects for aerial and linear objects reachable from a path of the mobile platform. Choosing
a type of platform that carrying all technical equipment, have to be adjusted to the kind of object
that have to be scanned and the purpose of the scanning. Using a car, as a mobile platform, for
power line corridor scanning while there are no roads near the power lines, is not a good idea it would be more propriety to choose a helicopter or a plane for this purpose. It has to be noticed
that Airborne Mobile Mapping using airplanes or helicopters is much more expensive than
using Terrestrial Mobile Mapping with a car as a moving platform.

doi:10.23967/dbmc.2020.148
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1.1 Mobile Airborne Laser Scanning system
Mobile Mapping Systems (MMS) used in the ALS technique consist of among others laser
scanner, Global Positioning System (GPS) receiver and Inertial Measurement Unit (IMU). The
principle of the laser sensor is to release a pulse of infrared or near-infrared light, capture
returned pulses and record the length of time the pulse reaches an object and is reflected to the
sensor. Based on the recorded information distance to the reflected point from a laser scanner
can be calculated. It’s essential to record by GPS receiver using Global Navigation Satellite
System (GNSS) a position of the flying platform and parallelly precise orientation of the laser
scanner by IMU. This information is the key to calculate a highly accurate position in 3D
dimensions of the laser scanner and all measured by scanner points during the acquisition.

2 Materials and Methods
2.1 Field Data
Vimap company, that provides MMT services for the energy sector, provided for research
purposes a sample of a point cloud data acquired by Airborne Laser Scanning. Data was
acquired in 2016, in Poland, near Ostróda city, for the MV power line corridor, as a test data
for test flights before launching a commercial power lines ALS project. The sample test flight
was done for about 400 m of power line in an urban area, which includes seven spans, from
pole with a number of 14 to pole with a number of 19.
Vimap Mapping System was consisted of among other Riegl laser scanner, VUX1-UAV
model, Trimble GPS receiver and IMU. All sensors were mounted on a helicopter. A mobile
mapping platform with a mounted system presents Figure 2. The average flight altitude of the
flying unit was approximately 40-50 m from ground level. Components of the system and flight
parameters were set to fulfill requirements for the acquisition of 3D point cloud data of MV
power line infrastructure and corridor of right-of-way.

Figure 2. Mobile platform with the measuring system.

Laser scanner that was used in the measuring system, Riegl VUX1-UAV, is dedicated to
agriculture, forestry, archaeology, cultural heritage documentation, as well as corridor mapping
for power lines, railway tracks, pipeline inspection, topography in open-cast mining and other.
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Figure 3 presents Riegl VUX1-UAV laser scanner used in Airborne Laser Scanning (source:
http://www.riegl.com/products/unmanned-scanning/riegl-vux-1uav/, 2020-04-13).

Figure 3. Laser scanner model used in ALS.

Technical parameters of the laser scanner, altitude and speed of the helicopter flight allow
achievement of the density of 40 points per square meter. The technical specification of the
laser scanner used in the Airborne Mobile Mapping System presents Table 1.
Table 1. Technical specification of the laser scanner used in the Airborne Mobile Mapping System.

Parameters
Laser Pulse Repetition Rate
Max. Operating Flight Altitude
Max. Effective Measurement Rate
Max. Scan Speed

VUX1-UAV
550 kHz
350m
500000 meas./s
200 ans/s

2.2 Point Cloud Data Elaboration
Acquired LiDAR data were processed in Riegl software. The accuracy of the measurement of
horizontal coordinates (X, Y) RMSE = 0.05m, accuracy of point height measurement (Z)
RMSE = 0.10m. The point cloud density equals 55 pts/m2.
As the main reason for the Airborne Laser Scanning of MV power lines was to provide 3D
analysis of the surroundings of the power line, two basic processes were needed - classification
and power line modeling. In those steps, data was elaborated in TerraSoild and Microstation
software.
2.2.1 Classification
Classifying of the LiDAR data into categorical object instances is the most critical step for
further 3D analysis and modeling. It’s a process of assigning a label to the points that represent
a specified object, like the ground, building construction, power lines infrastructure, vegetation,
etc. Classification allows us to group bunches of points into the specified representative of an
object class, which helps to provide further 3D analysis. The correctness of classification has a
big impact on the results of analyses that might be performed on classified data. Figure 4
presents a point cloud acquired by a laser scanner, as an input data for the classification process.
Figure 5 presents the point cloud after classification.
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Figure 4. Point cloud with no classification - color by point intensity.

Figure 5. Point cloud with classification.

Sample of acquired LiDAR data was classified semi-automatically - using an automatic
segment-based classification strategy and manual corrections of segment-based classification.
There were extracted objects of following classes: ground, building, vegetation, power line
wires, power line pylons pipeline, paved road, unpaved road, water, railway and not classified.
Figure 5 presents classified objects in the following colors: ground – light brown, building –
red, vegetation – green, power line wires – yellow, power line pylons – blue, paved road – gray,
not classified – white. Classified objects were set due to restrictions that have to be checked for
a power line infrastructure on the point cloud data.
2.2.2 Objects Modeling
Poles and phase cables of the MV power line were digitized based on the point cloud and save
to 3D ESRI shapefile. Visualization of the digitized 3D model in Google Earth Pro is presented
in Figure 6.

Figure 6. Visualization of the digitized 3D model in Google Earth Pro.
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2.3 vMatic Software
vMatic software, developed by Vimap company, enables point cloud presentation and
automatic performance of three-dimensional analysis based on digitized 3D models. The user
interface of vMatic software and visualization of point cloud and 3D model presents Figure 7.

Figure 7. vMatic software - visualization of ALS data.

vMatic software was designed mainly for the verification of the correctness of distances
from power lines to nearby buildings, vegetation, ground and other objects that are close to the
power line. The analysis in vMatic can be performed at the operating temperature of the power
line, as well as at simulated, on any temperature conditions of the phase cables.
Classified LiDAR data and digitized 3D model of construction building - power line, are the
basic inputs for 3D analysis in vMatic software. vMatic software allows detection of hazards to
any 3D vector model. The collision searching mechanism is based on releasing a virtual
cylinder with a radius specified by the user, along the course of the 3D model object and
detecting whether the cylinder encounters points of the particular class.

3 Results
Based on acquired ALS data of the middle voltage power line corridor in an urban area, the
detection of collisions with buildings was performed for digitized phase cables of the line for
seven spans, from 14th pole to 19th pole (total length: 367m). Figure 8 shows the analyzed area
on an orthophotomap, poles positions with their numbers are presented in yellow color.
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Figure 8. Analyzed the MV power line corridor in the urban area.

The radius of a virtual cylinder was set at 5m. It means, that from each digitized phase cable
detection of buildings point will be done in 5m distance and 360o range along the course of the
conductor. The collision analysis for seven spans took 19 seconds in vMatic software.
Tool for automatic detection of building collision in 5m 3D range buffer from the power line
conductors found in total 9 building obstacles. Two buildings were in a really close area to the
power line, with the closest 3D distance equals 2.64m (span from 16th pole to 17th pole) and
2.77m (span from 17th a pole to 18th pole). One building was detected in 3.00 – 3.99m collision
range, six buildings in a range from 4.00 m to 5.00m. The other fifteen buildings in the analyzed
area weren’t found due to 3D distance from power line wires to the building bigger than 5m.
The results of the performed analysis with division into ranges of a 3D collision distance shows
Table 2.
Figure 10 presents the visualization of buildings in the analyzed area highlighted in the range
collision colors presented in Table 2. Buildings not treated as obstacles for the power line are
presented in light green color.
Table 2. Results of performed buildings detections with a power line on LiDAR data.

Collision ranges distances
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0.00m - 1.99m
2.00m - 2.99m

Found
building
collision
0
2

3.00m - 3.99m
4.00m - 4.49m

1
2

4.50m - 5.00m

4

Span name with a
distance of collision
16-17 2.64m
17a-18 2.77m
15-16 3.85m
18-19 4.12m
18-19 4.40m
17a-18 4.56m
15-16 4.81m
15-16 4.84m
18-19 4.97m
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Figure 10. Buildings colored by a collision distance to the power line.

Figure 9 presents in vMatic software visualization of the closest collision from the power
line wires to the building point with a distance of 2.64m (span from pole 16th to 17th). The point
cloud is visualized in RGB colors, the area of collision of building points closer than 5m from
power line wires is highlighted in red color.

Figure 9. Found building close-up to the power line in vMatic software.

4 Conclusions
LiDAR data allows the performance of three-dimensional analysis for building constructions
without any additional measurements in the field. Based on data gathered by remote sensing
technology, verification of any construction surroundings can be performed in dedicated
software to ensure the safety of the objects.
Performed in this article analysis of the power line obstacles were detected in vMatic
software. The analysis took less than 20 seconds for the detection of buildings points (closer
than 5m from conductors) for almost 400m length of the MV power line. vMatic software
detected nine buildings that are too close to the power line.
Data from laser scanning, as a true representative of scanned objects/areas, might become a
basic, complete product for providing 2D and 3D analysis. The results of the analysis performed
on LiDAR data are reliable. Providing distance verification on 3D point cloud data is the fastest
way to obtain a hazard awareness in a short time. Once acquired by LiDAR data can be used
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for other various analyses for any construction, depending on current, expected and future
needs.
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Abstract. Obtaining new building materials that are more environmentally friendly than the traditional
and that guarantee an optimal response to the most demanding conditions, is one of the greatest
challenges in the science of materials. The use of electric arc furnaces slags (EAFS) and cupola slag
(CS) to produce a structural self-compacting concrete (SCC), involves the valorization of industrial byproducts that often end up in landfill and avoid the extraction of a natural resource. The potential
qualities of these wastes make them desirable for the production of high quality concrete. Highperformance concrete mixes are designed taking advantage of the high stiffness, the peculiar geometry
and the high strength of the EAFS, as well as the high pozzolanicity of the cupola slag. There are great
benefits at the mechanical level with its use, but it is necessary to know more about its durability.
Different mixes using basalt aggregates and silica sand are used to compare the effects of using EAFS
and cupola slag admixture in mixes that have been subjected to durability tests. These tests consist of
the determination of chloride ion penetration and protection against reinforcement corrosion after 10
months of exposure in tidal race. The comparisons made after subjecting the different mixes to these
tests allow to conclude that chloride ions penetrate almost twice with EAFS than with natural
aggregates, while no corrosion of the bars has been shown in any of the mixes.
Keywords: Durability, EAFS, Cupola Slag, Chloride Ions Penetration, Corrosion.

1 Introduction
Obtaining high-performance self-compacting concrete (SCC) with EAFS is a novelty, and its
durability plays an important role in its application as a structural material. As a novelty as well,
it is proposed to determine its response to the chlorides penetration in a marine environment,
and to check the corrosion conditions of the rebar under the same conditions.
The durability of the concrete strongly depends on the fluid circulation capacity through its
microstructure, being the capillarity of the material and the paste-aggregate interfacial transition
zone, the main route of penetration of external agents. One of the main causes of the
deterioration of concrete are the attacks by chlorides and sulfates, and the kinetics in which the
degradation mechanisms act, are related to temperature, humidity and fluid transport capacity
(Ministerio de Fomento de España, 2008). Before analyzing the response of the SCC against
the causes of deterioration of concrete, it is important to take into account that the
microstructure of the SCC depends on factors such as the water/fines ratio, the type and content
of admixtures, the type and proportion of additives or the mixing procedure (De Schutter and
Audenaert, 2007).
Chlorides in concrete can come from its components, because they are totally or partially
submerged in seawater or by occasional contributions on the surface, in the form of salts for
thawing on roads or through salty fog due to their proximity to the coastline.
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The chloride ion penetrates the concrete pore network normally dissolved in water, one part
is chemically bonded with the tricalcium aluminate of the cement to form the Friedel salt,
another part is immobilized by physical bonds and the rest in the form of free chlorides in the
pore solution (E. Medina, 2013). Depending on the concentration of free chlorides, pitting
corrosion of the reinforcing steel rebars may occur. Additionally, when the water evaporates
inside the pores, the salts crystallize generating, due to the increase in volume, internal tensions
in the concrete and, consequently, cracks.
The response of the SSC against the penetration of chlorides depends on the pore structure
and the ionic composition thereof. Zhu and Bartos (Zhu and Bartos, 2003) conclude that the
diffusion of the chloride ion depends on the type of admixture used. Additionally, they comment
that the penetration of chlorides is not less for the SCC with the same strength or manufactured
with the same water/cement ratio as for a conventional vibrated concrete (CVC). Other authors
have observed that chloride ion penetration decreases with the use of admixtures, especially
those of a pozzolanic nature (Uysal and Yilmaz, 2011).
Thus, it is considered necessary to establish the behavior of these new SCC against
aggressive environments, due to the variability on which their response depends. Four SCC
mixes that incorporate natural and siderurgical aggregates will be tested, in addition to
traditional and siderurgical admixtures. Reinforced concrete conical specimens of 28 days of
age have been submerged for 10 months, then they were sectioned and the depth of the chlorine
ion and the degree of corrosion in the reinforcement have been assessed.

2 Materials and Methods
2.1 Materials
Table 1. Concrete mix proportions (kg/m3).
Concrete mix

SCC-DC-LF

SCC-DC-FA

SCC-DC-CS

SCC-SC-CS

896

896

896

-

-

-

-

1101

Diabase sand (DS)

411

411

411

-

Silica sand (SIS)

386

386

386

605

Slag sand (SLS)

-

-

-

444

100

-

-

-

Fly ash (FA)

-

80

-

-

Cupola slag filler (CS)

-

-

109

109

Cement

450

450

450

450

Water

180

180

180

174

9

9

9

9

0.40

0.40

0.40

0.39

Diabase coarse (DC)
Slag coarse (SC)

Limestone filler (LF)

Superplasticizer additive
w/c ratio
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Four concrete mixes have been manufactured, using CEM I 52.5 R, sand 0/6 (diabase and
EAFS), coarse 6/12 (diabase and EAFS) and silica sand 0/2, to compare the behavior of the
siderurgical aggregate with the natural aggregate. In addition, three different filler materials
(limestone, fly ash and cupola slag) have been used. A SCC has been designed according to the
procedure described by Dinakar et al. (Dinakar et al., 2013) with a 2% (of the cement weight)
of a superplasticizer additive, in a 120 l rotating drum mixer with a kneading time of 12 min.
The concrete mix proportions appear in Table 1.
2.1 Methods
2.1.1

Preparation of the Specimens

The test campaign for the characterization of the durability of hardened concrete consists of
exposure to seawater of conical specimens with embedded corrugated steel bars. For the
manufacture of each specimen, an Abrams cone with the face of smaller diameter as a base, has
been used to facilitate filling of the specimen, following the methodology described by C.
Thomas et al. (Thomas et al., 2013). In its interior two corrugated bars of diameter 10 mm have
been placed vertically, arranged in such a way that the minimum covering of one of the bars at
the base of the cone is 10 mm while, in the second bar, it is 30 mm, Figure 1.
This configuration has been designed with the objective of evaluating the protection against
corrosion offered by self-compacting concrete made with coating thicknesses lower than those
recommended. The conical geometry of the specimens and the vertical orientation of the bars
allows the penetration of the chloride ion to different coating thicknesses.
In Figure 1 can be seen that, in addition to the corrugated bars, a black metal part has been
embedded in order to facilitate the manipulation of the specimens, avoiding any kind of effort
in the steel that can affect the adhesion between both materials.
The mixing time has been sufficient to guarantee the homogenization of the concrete, the
filling of the molds and the specimens has been done in a single step and without external
vibration. A total of 8 conical specimens were manufactured, corresponding to two specimens
for each mix.

Figure 1. Arrangement of reinforcement bars on the underside of the cone and preparation of the truncated
conical molds.
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To ensure that the penetration of chlorides only occurs in the lateral surface of the cone, the
upper and lower faces have been protected, as well as the sections of corrugated bars that
protrude from the concrete with a thick layer of two-component epoxy coating, Figure 2.

Figure 2. Detail of the application of the paint on the bases of the specimens and on the reinforcements.

After keeping the specimens in the humidity chamber for 28 days, one of each mix was
transferred to the port of Bilbao. There they were distributed on two metal grids together with
other specimens from other research centers (Figure 3 left). With the help of a crane, the grilles
were suspended a few centimeters from the surface of the sea leaving the specimens exposed
to tidal changes for 10 months, (Figure 3 right).

Figure 3. Arrangement and location of test samples in tidal race in the port of Bilbao.

2.1.2

Specimens Treatment

After 10 months, the specimens were removed and moved back to the laboratory. During the
visual inspection, the abundant presence of mollusks adhered to the surface of the concrete
specimens, the corrugated bars and the steel hook was observed (Figure 4). In the areas where
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these colonies were not present, the formation of an organic greenish layer was observed.

Figure 4. Appearance of the specimens after exposure to the weather and tidal cycles.

With the help of a crowbar, the mollusks stuck in the concrete were removed, while those
attached to the bars and the metal piece were crushed with a hammer. The surface was then
rubbed with a scourer to remove the organic layer (Figure 5). Finally, they were rinsed and
placed in the oven at 110 ± 5 °C until constant mass.

Figure 5. Appearance of samples before and after cleaning.

Finally, on each truncated conical specimen, two diametrically opposed longitudinal cuts
were made with a radial cutter without the cutting disc reaching the corrugated bars.
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2.1.3

Corrosion of the Bars and Penetration of Chlorine Ions

After breaking the truncated concrete cone into two halves, we first proceeded to observe the
state of the bars mainly to assess the appearance of pitting along them. One of the halves was
divided by a cross-section in order to extract a subsample with different coating thicknesses,
which is used to determine, in the scanning electron microscope, the penetration depth of the
chloride ion by dispersive spectroscopy of X-rays (EDX) techniques.

3 Results and Discussion
Figure 6 shows the appearance of the specimens after continued exposure to the marine
environment and to the tidal race for 10 months, after cleaning the exterior faces and the
longitudinal cut.

Figure 6. Exterior of conical specimens SCC-DC-LF, SCC-DC-CS, SCC-DC-FA and SCC-SC-CS after
exposure to contact with seawater.

The absence of pathologies on the outside of the cone trunks can be verified as chipping or
loss of material, while, in Figure 7, the intact state of the bars inside the concrete can be seen
after making a longitudinal cut in the specimens. Direct exposure to seawater has not negatively
affected embedded steel bars, with no deterioration observed. It should be noted that in the
narrowest area of the specimens, the minimum coating thickness is only 10 mm.

Figure 7. Inside of the SCC-DC-LF, SCC-DC-FA, SCC-DC-CS and SCC-SC-CS specimens after exposure to
seawater.
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Figure 8 shows in detail the appearance of the steel bars at the narrowest end of the conical
specimens for the SCC-SC-CS mix. In some cases, pitting corrosion is observed in the bars,
caused by the penetration of seawater from the top of the specimen as a result of the loss of the
applied waterproofing paint.

Figure 8. Aspect of SCC-SC-CS and rebars after exposure to tidal race.

Due to the appearance of the steel bars inside the concrete, the cut was only made at the
smaller diameter end of the cone to determine the penetration of the chloride ion in a scanning
electron microscope.
Figure 9 shows the chloride concentration in the concrete obtained by microanalysis carried
out from the outermost surface to the area where the steel bars are embbeded. It is observed, as
expected, that the highest concentration is found on the surface. Of all the samples, the SCCSC-CS has a much higher concentration of chlorides, while samples made with natural
aggregates, despite containing different additions, have a very similar chloride content.
3,5

3
SCC-DC-LF
SCC-DC-FA

Cl content (% wt.)

2,5

SCC-DC-CS
SCC-SC-CS

2

1,5

1

0,5

0
0

2

4

6

8

10

Depth (mm)

Figure 9. Penetration of chlorides in concrete.

These results agree with the oxygen permeability coefficients (Sosa et al., 2020), being able
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to assume that the diffusion is carried out through the capillaries. In all the cases analyzed, it
can be seen that, after 6 mm, the concentration of the Cl- ion is less than 0.3%, which is at the
limit of the detection capacity of the scanning electron microscope for this element. These
results are markedly lower to those reported by C. Medina et al. for a CVC with recycled
aggregates (Medina, Sánchez De Rojas, Thomas, Polanco & Frías, 2016).

4 Conclusions
In the present study, the durability of 4 concrete mixes incorporating aggregates and
admixtures, both slag and natural, has been analyzed. This characterization has been carried out
keeping the specimens in a tidal race, where both the marine environment and the submersion
cycles can deteriorate the material prematurely. The main conclusion drawn is the following:
Exposure to seawater and the tidal race for 10 months has not affected the aesthetics, nor has
it corroded steel reinforcements embedded in concrete. The concentration of chlorides in all
cases is very small from 6 mm deep.
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Abstract. The structure of self-compacting concretes containing electric arc-furnace slag, their
mechanical behavior, and their durability are all studied in an extensive experimental campaign, to
evaluate the suitability of three concrete mixes for use in real construction works. Specimens
manufactured with self-compacting electric arc-furnace slag concrete are subjected to wetting-drying
and freezing-thawing test procedures, for their study in aggressive environments, especially marine
environments. In general, all the test results were quite encouraging. It was once again demonstrated
that the use of electric arc-furnace slag in concrete represents an opportunity to reduce both the volume
of siderurgical waste generated in our society, and the consumption of fresh raw materials.
Keywords: Self-Compacting Concrete, Electric Arc-Furnace Slag, Durability, Marine Environment.

1 Introduction
The future of the environment is a source of growing concern in present-day society that is
calling for increasingly sustainable development. The sustainability of production processes
must be carefully studied and waste-streams must wherever possible be reutilized and recycled.
However, waste reduction also implies the manufacture of products of greater durability.
Sustainable production processes are already dynamizing the circular economy while
maintaining relevant standards and properties. Concrete products that reuse waste must
therefore at the very least equal those of conventional Portland mixes.
This study is focused on the reuse of Electric Arc-furnace Slag (EAFS), a residue from the
steelmaking industry, as aggregate in concrete mixtures. The reuse of slag in cement-based
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material has been a recurrent topic since Motz, Geiseler and Koros (Geiseler, 1996; Koros,
2003; Motz and Geiseler, 2001) published the first studies on the reuse of slag in the
construction industry.
Since those first initial studies, the mechanical behavior and the hardened properties of
concretes manufactured with EAFS as aggregate have been evaluated in several studies (AbuEishah, El-Dieb, and Bedir, 2012; Faleschini et al., 2015; Manso, Gonzalez, and Polanco,
2004). Studies have also been performed on the durability of those types of concretes (Arribas,
Vegas, San-José, and Manso, 2014; Manso, Polanco, Losañez, and González, 2006). In general,
most of the tests on their mechanical behavior and durability have demonstrated that EAF
concretes can at least equal the behavior of natural aggregate concrete.
In some of the above works, poorer workability than natural concrete aggregate has been
identified as a disadvantage of EAFS concrete. In this work it will be demonstrated that with
the correct mix design, self-compacting concrete can be made using EAFS as aggregate. Its
durability will also be evaluated, lending special attention to the durability of EAFS selfcompacting concretes in highly saline marine environments.
There are two principal reasons for this study: on the one hand, there are few studies on the
evaluation of the behavior of EAFS concrete in marine environments and, on the other hand,
the mechanical and the physical characteristics of EAFS concrete point to its suitability for the
construction of dykes and blocks to form protective seawalls. In fact, work is underway with
this type of concrete for that same purpose in coastal areas of the Basque Country, a region of
northern Spain, where the evaluation of the durability of EAFS concrete in marine environments
assumes special importance. In Bilbao, the port authority is pioneering the use of electric arcfurnace slag concrete in port construction works

2 Materials and Mixes
Two different cements were used: a Portland cement type I 52,5 R and a Portland cement type
IV/B-V 32.5N, which included fly ash, as per standard EN 197-1.
Water was used from the urban mains supply of the city of Bilbao, free from additional
particles that might adversely affect the mixes.
The commercial limestone aggregate was of three different sizes 0-1, 0-5, and 5-12.
Likewise, the Electric Arc-furnace Slag (EAFS) had aggregate fractions of 0-4 and 4-12.
Finally, a superplasticizer supplied by CHRYSO was selected to adjust the workability of the
mix.
Three different mixes designs, shown in Table 1, were prepared with these materials:
 A reference mix, labeled NATI, manufactured with Portland cement type I and
limestone aggregates,
 A mix labeled EAFSI, in which Portland cement-type I was used, although unlike in
the reference mix, EAFS was used in partial substitution by volume of the limestone
aggregates. Nevertheless, proportional amounts of the different aggregate fractions
were not exactly the same. The higher density and the rougher surface of the EAFS
particles require higher proportions of fines, to manufacture mixes with this type of
aggregate (Santamaría et al., 2017).
 An EAFSIV mix, with exactly the same design as the EAFSI mix, except that
Portland cement-type IV, rather than Portland cement-type I, was used.
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Table 1. Mix design.

Cement I
Cement IV
Water
EAFS 4-12
EAFS 0-4
Limestone fines 0-1,2
Limestone 0-5
Limestone 5-12
Superplasticizer
(% cement weight)
Density (t/m3)
Slump flow spread.
Abrams Cone (mm)
L-box

NAT I
330

EAFSI
330

165

165
760
550
900

330
165
760
550
900

2%

2%

2.41
630

2.69
680

2.58
700

1

1

1

690
560
730
2%

EAFSIV

The NATI mix was manufactured in a conventional laboratory mixer and cast in different
molds. An industrial concrete mixer, depicted in Figure 1, was rented to prepare the mixes for
the manufacture of EAFSI and EAFSIV. From the total batch of 600 lts., two beams of each
mix and several molds were precast and their mechanical and durability properties were
evaluated.

Figure 1. Concrete mixer.

3 Test Method
Two tests were used to evaluate the workability of the mixes, a slump flow cone in accordance
with ASTM C1611 and the L-box test, in accordance with the EFNARC standard.
The bulk density of the mixes was measured as specified in the EN 1015-10 standard. The
compressive strength of the mixes was evaluated at 7, 28, 90 and 180 days, as recommended in
EN-12390-3.
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The Fagerlund test described in the UNE 83982 standard, based on Darcy’s law, was used
to analyze water absorption by capillarity.
Mix durability was evaluated with wetting-drying and freezing-thawing tests. Both tests
were performed on 2 different specimens of each mix, after 90 days of curing. 148 cycles were
performed for each wetting-drying test. Each cycle involved leaving each specimen in water
for 16 hours, in an oven at 60°C for 6 hours placed, and at room temperature for 2 hours, to
prevent thermal shock. The freezing-thawing test involved 122 cycles, in which the specimens
were kept in a freezer at -15°C for 24 hours and in water, at room temperature, over the
following 24 hours. The mechanical properties of the specimens were evaluated both before
and after the durability test.
Three batches of specimens (100x100x100mm3) of each mix, as shown in Figure 2, were
enclosed in cages suspended from a dock wall in Pasaia Donibane port, with the purpose of
analyzing EAFS concrete durability in marine environments. The cages were suspended in an
intertidal zone where they would be submerged under the seawater at high tide and exposed to
the atmosphere at low tide. The specimens were left in the cages for one year. After their
removal, chlorine and sulphate ion infiltration was evaluated, by cutting each specimen and
placing it in a vacuum chamber that was filled with nitrogen at low pressure for Scanning
Electron Microscopy (SEM) analysis. Energy-dispersive X-ray spectroscopy was used to obtain
the chemical composition of the first 50mm of the fracture surface and to generate backscattered
electron images.

Figure 2. Specimens placed in cages at Pasaia Port.

4 Results
4.1 Workability
The workability test results of the mixes are shown in Table 1. All the mixes could be classified
as self-compacting mixes. The reference mix had a lower spread than the EAFS aggregate
mixes, which was a somewhat surprising result, thought to be due to the different scale of the
mixes. A large number of laboratory trials had been performed before manufacturing the 600
lt. of concrete used in the mixes. The workability of the mixes with the same dosages
manufactured on a small scale was worse than in the larger mixes, due in all likelihood to the
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skin effect. Nevertheless, such a slight difference in workability was marginal for the purposes
of this research, alongside the key aspect: the self-compacting properties of the mixes.
4.2 Density and Mechanical Strength

Compressive strength [MPa]

As might be expected, the density of the concretes manufactured with EAFS was higher than
the density of the concrete manufacture with natural aggregates, with increases of around 11%
in the case of EAFSI and 7% in the case of EAFSIV.
Concrete strength over time is depicted in Figure 3. The behaviors of both concretes
manufactured with Portland cement type I were very similar. The EAFSI mixes gained slightly
higher strengths, compensating their higher density than the other mixes. The higher strength
of EAFS concretes has been explained in a previous paper (Arribas, Santamaría, Ruiz, OrtegaLópez, and Manso, 2015), by the denser aggregate and cement-paste interface.
The hardened strength of EAFSIV was lower than its EAFSI counterpart, reflecting the
characteristics of the Portland cement type IV.

NATI

80

EAFSI

EAFSIV

100
Days

150

60
40
20
0
0

50

200

Figure 3. Compressive strength.

4.3 Capillarity Water Absorbtion
The results obtained in the capillarity water test are shown in Figure 4. The results for NATI
and EAFSI were similar, unlike for EAFSIV. The curves can be divided into two zones: an
initial rising zone; and, a second zone, where capillarity porosity was not evaluated as it
involved other types of porosities. The less inclined slope (K coefficient 0,106 kg/m2s1/2) of the
EAFSIV, in the first zone, represents low permeability. The value of the second zone shows us
that the total porosity of the mix was high, which means that this mix may have a high number
of single, unconnected spherical pores, which could also explain the lower density of the mix
in comparison with the EAFSI mix. Both for NATI and for EAFSI, the slope of the curve was
the same in the first zone (K coefficient 0,156 kg/m2s1/2), so the capillarity porosity was similar
in both mixes, in the second zone, mix EAFSI achieved higher values, which might be explained
by the higher porosity of the EAFS aggregate when compared with the limestone aggregate.
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Water penetration per unit area
(g/cm2)
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EAFSIV
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Figure 4. Capillarity test results.

4.4 Wetting-Drying and Freezing-Thawing Tests
The variation of the mechanical properties and weight of the mixes after performing durability
tests are shown in Table 2. The mechanical properties of mixes NATI and EAFSI achieved
similar levels. The mass loss of the EAFSI mix was higher than the mass loss of mix NATI,
although if we take into account the different densities of both mixes, then their loss of volume
was similar.
The behavior of mix EAFSIV during the durability test differed from the results obtained in
mixes NATI and EAFSI. Strength gains were shown, rather than a loss of strength, due to the
aggressive cycles. Results that are explained by the presence of fly ash associated with longterm pozzolanic reactions.
Table 2. Results of wetting-drying and freezing-thawing tests.

Mixture
NATI
EAFSI
EAFSIV

Variation
Strength
frozen
-21%
-25%
+6.5%

Variation
Stiffness
frozen
-2.8%
-5.1%
+9.4%

Mass loss
Frozen
(g)/2500
37.5
55.9
24

Variation
Strength
wet
-2.1%
0%
+7.5%

Variation
Stiffness
wet
-0%
-1.1%
+13%

Mass loss
Wet
(g)/2500
131
158.5
201.9

4.5 Marine Environment Test
In Figure 5, it is possible to see the specimens before and after exposure to a highly saline
marine environment after one year. It would appear, a priori, that this concrete has no
compounds that could harm the marine ecosystem, as the specimens were teaming with
mussels, oysters, and small crabs.
The behavior of EAFS concrete in marine environments was good, and even better than the
behavior of natural aggregate concretes, showing slightly better strengths. The results of the
analysis are in the Figure 6. No data on sulfate ions are included, as no ions of that type were
found.
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Figure 5. Specimens before and after the marine environment test.

% Chlorine concentration

Taking into account that 0.1% is a typical chlorine ion content of a cement paste, chlorineion penetration was around 35mm in NATI, and approximately 25mm and 15mm, in EAFSI
and in EAFSIV, respectively. The higher resistance of EAFSIV to chlorine-ion penetration can
be explained by looking at the results of the capillarity water test.
NATI

0.6

EAFSI

EAFSIV

0.5
0.4
0.3
0.2
0.1
0
0

10

20

30

40

50

Depth [mm]
Figure 6. Specimens before and after the marine environment test.

5 Conclusion
Following the research campaign tests developed for this study, the following conclusions have
been drawn:
- Mixes containing EAFS aggregate may be manufactured to the required workability,
using the correct mix design. Self-compacting mixes have been successfully
manufactured
- Both the mechanical behavior and the structure of the mixes manufactured with electric
arc-furnace slag were fairly similar to the behavior and the structure of the mixes
manufactured with natural aggregates. The main differences were observed when a
different type of cement was used, in addition to the observably lower mechanical
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-

strengths, as may be expected, in the cement type IV mixes, which also had different
pore structures with larger pore volumes.
The use of electric arc-furnace slag as a concrete aggregate was not detrimental to the
durability of the concrete. The great similarities with no major differences between the
natural and the EAFS aggregates were confirmed by the test results.
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Abstract: The construction sector is clearly one of the most pollutant at a global level and its

consumption of natural resources is also enormous. Over recent years, heightened awareness of this
issue within the construction sector has motivated changes within its working practice, seeking to reduce
its environmental impacts and to mitigate the effects of climate change. The consumption of natural
resources can be reduced in very different areas and special attention has been given to the substitution
of Natural Aggregates (NA) in concrete design by replacing those aggregates with various waste coproducts. Siderurgic concrete is the name given to concrete manufactured with siderurgical aggregate
from the steel-making industry. In this paper, test results on fiber-reinforced siderurgical concrete are
reported. The concrete is manufactured with approximately 50% Electric Arc Furnace Slag (EAFS)
aggregate by volume, for use in pavement applications. Steel and polypropylene fibers, amounting to
approximately 0.5% by volume of the concrete mass, are also added to the mix. The durability properties
of this concrete type are analyzed through freeze/thaw and moist/dry tests. Furthermore, the long-term
behavior of the concrete is explained through its internal structure, using Mercury Intrusion Porosity
(MIP) and low-vacuum Scanning Electron Microscopy (SEM) analyses. The results add further weight
to the feasibility of using EAFS in replacement of NA in fiber-reinforced concrete for pavement
construction.
Keywords: EAFS, Freeze/Thaw, Moist/Dry, MIP, SEM.

1 Introduction
The immense volumes of natural aggregates used for concrete production within the
construction sector has motivated a search for feasible alternatives to natural resources. In
consequence, several studies have over the past few decades examined the incorporation of slag
from the steelmaking industry in construction and civil engineering applications (Akinmusuru,
1991; Faleschini et al., 2015; Geiseler, 1996; Koros, 2003; Manso et al., 2006; Motz and
Geiseler, 2001; Pellegrino and Gaddo, 2009; Qasrawi, 2014; Santamaría et al., 2017).
Although productive steel processes differ between plants, they may at present be divided
into two types: Integral Siderurgy, in which the raw material, iron ore, is melted in a Blast
Furnace, followed by a decarburization phase, usually in an Oxygen-Blow Converter, and the

doi:10.23967/dbmc.2020.171
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Electric Cycle, in which scrap is melted in Electric Arc Furnaces (EAF). After this “primary
metallurgy”, a secondary refining phase usually takes place in a Ladle Furnace for carbon steels,
and in a special converter for stainless steels.
Around 30% of European steel is produced with EAF technology. In the EU steel sector, a
total of 47.8 Mt of steel slag were produced in 2018, of which Electric Arc Furnace Slag (EAFS)
and secondary slags amounted to 7.9 Mt and 2.8 Mt, respectively, according to the EUROSLAG
report “The European Association representing metallurgical slag producers and processors”
(EUROSLAG, 2018), data from which are reproduced in Figure 1.

Figure 1. Slag production in the EU (% and Mt.).

Spain is the third largest producer of electric steel in the EU, after Germany and Italy, with
production levels of around 10 MT of electric steel, together with more than 1 MT of EAFS
and 0.5 MT of LFS by-products (Yearbook, 2019).
Taking into account the benefits of slag recycling, the viability of using Electric Arc Furnace
Slags (EAFS) in fiber-reinforced concrete (FRC) is examined in this paper, for the subsequent
manufacture of rigid pavements and industrial slabs. To do so, siderurgic concrete was prepared
with approximately 50% EAFS and 0.5% (metallic or synthetic) fibers, in both cases by volume.
The main mechanical properties of these siderurgic concretes will be analyzed and their longterm behavior examined in relation to their internal structure in the following sections, leading
up to a discussion of the most significant results and relevant conclusions.

2 Materials and Methodology
The materials used in this research were: Ordinary Portland Cement (OPC) CEM I 42,5R,
water, natural siliceous aggregates provided in three granulometric sizes of 0/4, 4/12 and 12/25
mm, superplasticizers (polycarboxylate modified with water), EAFS aggregates provided in
three granulometric sizes of 0/4, 4/10 and 10/20 mm, metallic fibers (steel, RL-45/50-BN) and
synthetic Fibers (polypropylene, M-48).
The main physical characteristics of the EAFS were: specific gravity of 3500 kg/m3, high
water absorption, low fines content, and 24% Los Angeles abrasion loss. The main chemical
components were oxides of Fe, Ca and Si.
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The methodology was based on the use of EAFS as coarse and medium aggregate in the
concrete mix and the fine aggregate was prepared with 50% fine slag and 50% siliceous sand,
in order to compensate for the lack of the fines in the EAFS.
Two reference mixtures were designed: mixture P, manufactured entirely with siliceous
aggregates, and mixture E, manufactured with EAFS in coarse and medium gravel and 50%50% of siliceous-EAFS in sand. Their mix design is shown in Table 1.
Taking the dosage of mixture E as a reference, two experimental mixtures reinforced with
around 0.5% by volume of steel fibers identified as EM and with polypropylene fibers identified
as ES were manufactured.
Table 1. Mix design of the reference mixtures (kg/m3).

Mix design kg/m3 Cement Water
P
E

360
360

180
180

Siliceous aggregates EAFS aggregates
Admixture
0/4 4/12 12/20 0/4 4/10 10/20
800 575
465
3.63
500
515 670 550
5.44

3 Results and Discussion
3.1 Mechanical Properties
The main mechanical properties of the siderurgic concretes are shown in Table 2.
Table 2. Mechanical properties of the experimental siderurgic concretes.

Property
Compressive Strength at 28 days (MPa)
Flexural Strength at 28 days (MPa)
Splitting Tensile Strength at 28 days (MPa)
Maximum depth of water penetration (mm)
Flexural toughness (N·m)
LOP (CMOD ≤ 0.05 mm) (MPa)
Blows until breakage in impact strength test

standard
P
E
UNE 83507
46.3 66.1
UNE 83509
5.2 6.8
UNE 12390-6
4.3 4.2
UNE EN 12390-8 24.0 13.0
UNE 83510
- 8.74
EN-14651
6.1
UNE 83514
13

EM
72.6
7.0
5.5
13.5
39.2
6.4
155

ES
74.0
7.1
5.2
20.5
35.0
6.2
88

The compressive strength of the siderurgic concrete E (66.1 MPa) was 43% higher than that
of natural aggregates P (46.3 MPa), even reaching values of 72 and 74 MPa for mixtures EM
and ES, respectively.
The flexural strength of the siderurgic concrete E (6.8 MPa) was also higher than that of
conventional concrete P (5.2 MPa); mixtures EM and ES reaching values of around 7 MPa.
This fact is attributable to the good (dense and not very porous) quality of the Interfacial
Transition Zone (ITZ) of the siderurgic concretes (Arribas et al., 2015) and to high adhesion
between all the (aggregate, cement paste and fiber) components of the mixtures.
As regards the splitting tensile strength, little difference was observed between the reference
concretes P (4.3 MPa, with fibers) and E (4.2 MPa, no fibers). An important improvement in
the mixtures with fibers was once again observed, especially concretes EM (5.5 MPa) and ES
(5.2 MPa).
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All the mixes with EAFS showed better resistance to water penetration than the conventional
concrete with natural aggregates. Likewise, they met the requirements of the EHE standard
(2008), which specifies the maximum depth of water penetration under 30 mm. The
impermeable nature of these concretes was therefore considered sufficient for pavement
applications.
The toughness by flexion value of the fiber-reinforced mixes was close to 40 N.mm in the
mix with steel fibers and was slightly lower in the mix with polypropylene fibers (35 N.mm),
which in both cases are good values.
The Limit of Proportionality (LOP) tested in samples with a notch of 5 mm was similar in
all the mixtures and was slightly higher in the mixtures with steel fibers (6.4 MPa).
Finally, the fiber-reinforced siderurgic concretes clearly had much a better impact strength
until breakage (EM: 155 blows and ES: 88 blows) than the equivalent with non-reinforced
concrete E (13 hits).
In view of these initial results, it can be concluded that the siderurgic concretes have the
mechanical properties that are needed in industrial pavement slabs.
3.2 Long-Term Behavior and Durability
3.2.1

Freeze/thaw and moist/dry tests

The durability of a concrete pavement is determined by its permeability and its resistance to the
very influential factors, such as the presence of water and temperature variance in its immediate
environment. The freeze/thaw and moist/dry tests of the concretes under are especially
interesting, given the very adverse climatic conditions of the Spanish region under study.
In this study, both the weight and the compressive strength of the mixes varied, following
56 freeze/thaw cycles and 30 moist/dry cycles, as per the UNE-CEN/TS 12390-9 and the ASTM
D-559 standards("Annual Book of ASTM Standars, ASTM International, West Conshohocken,
19429-2959. PA, USA, 2008,"), respectively. The results are shown below, in Table 3.
Table 3. Freeze/thaw and moist/dry results of the siderurgic concretes.

Property
Weight variation after 56 freeze/thaw cycles (%)
Variation of compressive strength after 56 freeze/thaw cycles (%)
Weight variation after 30 moist/dry cycles (%)
Variation of compressive strength after 30 moist/dry cycles (%)

E

EM

-62.41 -2.92
-3.45
0.23 0.14
-15.2 -1.12

ES
-4.49
0.93
0.34
12.16

In the freeze/thaw test, cubic specimens, in duplicate, were introduced into a container filled
with a solution of 3% sodium chloride (NaCl). These containers were placed in a freezer over
16 hours, at a temperature of -29ºC±1ºC, and in a container with water circulation at 20ºC±1ºC
for 8 hours, and those test cycles were repeated 56 times throughout the duration of the test.
Figure 2 shows the arrangement of the freeze/thaw test.
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Figure 2. Arrangement of the freeze/thaw test: a) freezer at -29ºC; b) container with water at 20ºC.

After 56 freeze/thaw cycles, mix E lost a significant amount of material (-62.41%), while
the results obtained for concrete mix ES (-4.49%) were good and even better for concrete mix
EM (-2.92%), which maintained its cube shape. The compressive strength test at the end of all
the cycles was only performed on the EM and ES specimens, due to the total deterioration of
the E specimens during the freeze/thaw test. Slight damage to the EM specimens led to a
decrease of 3.45% in their compressive strength, while the ES specimen showed a compressive
strength that was slightly higher (+0.93 %) than before the freeze/thaw cycles. A fact also
observed by other authors, which was probably caused by further hydration of the cement that
came into direct contact with the water permeating through the frozen saturated surface due to
its microporosity (Pellegrino and Gaddo, 2009).
The moist/dry test was also performed on cubic specimens, in duplicate. Each of the 24-hour
cycles, repeated 30 times, consisted of 16 hours of immersion in fresh water at room
temperature and 8 hours in an oven at 60 °C.
After the moist/dry test, all the concrete specimens showed good surface appearance and
slight weight gains. The concrete with no fibers, E, showed an appreciable loss of compressive
strength (-15.20%), unlike the concrete with metallic fibers, EM, that lost little strength (1.12%) and the mix with synthetic fibers, ES, the strength of which increased (+12.16%).
Similar results for concretes manufactured with EAFS were also found by other authors
(Arribas et al., 2014). These satisfactory results point to the good internal cohesiveness of the
aggregates and fibers within the matrix of this fiber-reinforced slag concrete.
3.2.2

MIP analysis

Concrete-matrix porosity is a determining factor, in both the mechanical properties and the
durability of cement-based materials, and was measured with Mercury Intrusion Porosimetry
(MIP) analysis. The porosity values were as follows: 12.3% for mix E; 10.3 % for mix EM;
and, 11.5% for mix ES; common values for well-performed concretes (Ortega-López et al.,
2018).
The lower porosity of the fiber-reinforced concretes with respect to the mix E, means that
both the EM and the ES mixes were more compacted, which may also explain their higher
compressive strength and the lower weight variation after the freeze/thaw and the moist/dry
tests. The pore size frequency, shown in Figure 3, rises to an significant peak at around 100 nm,
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higher in concrete E, with no fibers, which could be one cause of the worse behavior of this
concrete against physical and chemical agents.

Figure 3. MIP analysis of siderurgic concretes: differential intrusion.

3.2.3

SEM observations

Low-vacuum scanning electron microscopy (SEM), with the backscattered electrons technique
was used for analyzing the quality of the Interfacial Transition Zone (ITZ) and adherence
between the concrete components.
Figure 4 shows three SEM images, one of each siderurgic concrete under study. In these
images, it can be observed that the EAFS particles are of a lighter grey color, the siliceous
particles are darker grey and, Figure 4b and Figure 4c clearly show the fibers, steel and
polypropylene fibers, respectively.
a)

b)

100 µm

200 µm

c)

200 µm

Figure 4. SEM images of concretes: a) concrete E; b) concrete EM; c) concrete ES.

All the SEM images support the conclusion that the cementitious matrices are of good
quality, with excellent adherence of aggregates and fibers, which favors the durability of these
concretes.
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4 Conclusions
The conclusions of this work can be summarized as follows:
- The fiber-reinforced siderurgic concrete mixtures showed good mechanical
properties. The results of the concretes reinforced with steel fibers were in general
better than those for the concretes reinforced with polypropylene fibers.
- Durability tests delivered good results for the fiber-reinforced siderurgic concretes,
yielding smaller variations of weight and strength after several conditions.
- MIP and SEM analyses revealed the good internal cohesiveness of both aggregates
and fibers within the cement matrix, which favored their durability.
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Abstract. At present, steel production is mainly done in basic oxygen furnaces (BOF) and electric arc
furnaces (EAF) (Pauliuk, S. et al, 2013, Morfeldt, J. et al, 2015). According to the statistics, it is expected
that the use of electric arc furnaces to supply the demand for steel will prevail. In 2017, in Europe, 41%
of steel was produced in electric arc furnaces, while in Spain, according to the Union of Steel Companies
(UNESID, 2016), the percentage was almost 66% in 2016. In 2016 the European Union generated
approximately 18.4 Mt of slag (black and white), of which 1.5 Mt was produced in Spain. In other words,
the amount of white slag produced was about 286 thousand tons, approximately between 20 and 30 kg
of slag per ton of steel (UNESID, 2016, Euroslag, 2016). Refining slag (white slag) is the second most
abundant waste in steel production, and, to date, its final destination is still the landfill. This study has
used ladle slag from refined steelworks, as a replacement for cement in different proportions (0, 25, 50
and 75%), for the manufacture of mortars. A broad characterization of the ladle slag has been carried
out, as well as determining the mechanical, durable, and environmental properties of the manufactured
mortars. The results show that using the ladle slag as a replacement for cement produces a decrease in
compressive strength, but the expansion behavior remains below the stability limit. It also has been seen
that the slag incorporated into mortars, evaluated by leaching test at 28 days, shows inert material
behavior.
Keywords: Ladle Furnace Slag, Cement Mortars, Durability, and Environmental Impact.

1 Introduction
Steel slag is waste that to date has no integral solution, since its properties depend on the raw
materials, Steel manufacturing process and the recovery processes carried out. Slags from steel
manufacturing can be either from melting or refining processes. The first ones have been subject
to more research, as well as regulation. This is because, in 2016, more than 18 Mt of slag (black
and white) was generated in the European Union, but they were mostly black slag (UNESID,
2016; Euroslag, 2016).
To date, different studies have been carried out on the possibility of the use of refining slag
(white slag) in civil works. Some of the topics studied are: ladle slag as a filler in selfcompacting concretes (Anastasiou, E. et al., 2014, Sideris, K. K. et al., 2018), ladle slag as a
cementitious agent in concretes and mortars (Adolfsson, D. et al., 2011, Herrero, T. et al.,
2016), ladle slag as a binder in soil stabilization (Manso, J. M. et al., 2005, Ortega-López, V.
et al., 2014) and ladle slag as a filler in asphalt mixtures (Skaf, M. et al., 2016). In the studies
mentioned above, the durability problems due to the expansion of white slag are present, and it
is an aspect that does not have an easy resolution. On the other hand, there are few works related
to the environmental impact of slag in cement-based materials (Loncnar, M. et al., 2016,
Pantazopoulou, E. et al., 2018).
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Therefore, more research is still necessary to clarify the effect of ladle furnace slag when
used in cement-based materials, due to its expansive behavior and its problems with the release
of contaminant elements. In this context, the main goal of this study is to analyze the
incorporation of fine ladle FURNACE slag in mortars in different rates (0, 25%, 50%, and
75%), and its influence in mechanical properties, expansion behavior and environmental impact
(leaching test).

2 Materials and Testing Methods
The materials used for the experimental campaign are basically: (i) CEM I 52.5R Portland
Cement, (ii) slag from the refining process of an electric arc furnace Steel plant, and (iii)
limestone sand with a particle size between 0 to 5mm. Potable water is used for the manufacture
of mortars, and MiliQ water (obtained by filtering distilled water through a Synergy water
purification system-Merck) is used for all leaching tests.
Regarding the characterization tests, the size distribution of the sand is carried out in
accordance with standard UNE EN 933-1, the determination of the apparent density of the
cement and white slag is done in line with standard UNE EN 80103. The chemical composition
is determined using the X-Ray fluorescent technique, using a Philips PW 2400 Spectrometer,
and the Powder Diffraction technique for the mineralogical composition, using an Analytical
X´pert PRO MPD Alpha 1 (diffractometer in Bragg Brentano /2 geometry of 240 mm of
radius Cu K1 radiation  = 1.5406 Å). Cement and slag size distribution is performed using a
Beckman Coulter LS particle size analyzer, while a Scanning Electron Microscopy (SEM-EDS)
is used to study the surface structure and perform microanalysis.
The mortars are manufactured in accordance with standard UNE EN 196-1, with a water to
cement ratio of 0.5 in all cases. The nomenclature and dosage of the mortars are shown in Table
1.
Table 1. Dosage and nomenclature of mortars.

Mortar
type
Control
M75/25
M50/50
M25/75

L. Slag
(g)
0
337.5
225
112.5

Cement
(g)
450
112.5
225
337.5

Sand
(g)
1350
1350
1350
1350

Water
(g)
225
225
225
225

At the ages of 7 and 28 days of curing, density and absorption are determined according to
the standard ASTM C642, and the compressive strength according to standard UNE EN 196-1.
A length comparator is used to measure the expansion/shrinkage of the mortars over time,
which is fitted to the metal points that adhere to the mortars 24 hours after manufacture.
Finally, for the environmental impact tests, standard UNE EN 12457-2 is used for all mortars
at the age of 28 days, as well as for white slag. In the case of mortars, they are dried in an oven
at 40 ºC to a constant mass, at which point they are ground in a jaw crusher until all the material
passes through the 4 mm sieve. It is then quartered to obtain representative samples. The results
of this test are compared with the Decree on waste acceptance criteria in landfills (Council
Decision 2003/33/EC of 19 December 2000) to classify mortars as an inert, non-hazardous, or
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dangerous material.

3 Results and Discussion
In the following sections, the results obtained from the experimental campaign are analyzed,
with emphasis on expansion behavior (durability) and environmental behavior (leaching).
3.1 Particle Size Distribution and Specific Gravity
White slag, used in this study, consists of particles between 0.1 microns to 75 microns
approximately, granulometry obtained due to a process of grinding the material in a ball mill.
Figure 1 shows the size distribution and compares it with the cement used (CEM I 52.5R). It
can be seen that the cement has greater fineness from 2 microns to 60 microns, while the slag
presents a slightly higher percentage of particles in the range 0.1 to 2 microns.
In Table 2, it can be seen that the density of the slag is lower than the density of the cement
(approximately 9%). This situation will generate a change in the total volumes of mortars
manufactured. But for this study, it is assumed that the influence will not change the behavioral
trends if the dosage of the mortars is done in weight or volume. In Table 2, it is also observed
that sand has an absorption of 1.65%, so it was decided to use this material in the condition of
dry saturated surface at the time of manufacturing the mortars.
Table 2. Properties of raw materials.

Property
Apparent density (g/cm3)
Dry density (g/cm3)
Absorption (%)

L. Slag
2.75
---

Cement
3.02
---

Sand
2.73
2.55
1.65

Figure 1. Particle size distribution for Ladle slag and Cement Portland.

3.2 Chemical and Mineralogical Composition
Slag and cement basically contain Calcium, Silica, Aluminium, and Iron. White slag has high
magnesium content, and some of it may be present as Periclase, which will create expansion
problems. Table 3 shows the compounds present in both the slag and the cement.
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Table 3. Chemical composition for Ladle slag and Cement portland.

Element
CaO
SiO2
Al2O3
Fe2O3
SO3
MgO
Others
LOI

Cement (%)
63.21
18.65
3.98
3.32
2.94
1.42
1.47
5.01

L. Slag (%)
46.78
18.60
6.62
5.36
1.51
10.85
1.69
8.59

The phases identified in the cement used are: calcium silicates (C3S, -C2S), calcium
aluminate (C3A), calcium ferroaluminate (C4AF). Anhydrous gypsum (CaSO4) and calcite
(CaCO3) have also been determined. It should be mentioned that the used slag contains a part
of amorphous material, together with crystalline phases, such as: calcium silicates (-C2S, C2S), calcium aluminate (C3A), gehlenite (Ca2Al((AlSi)O7)), wustite (FeO), and periclase
(MgO). In addition, calcite (CaCO3) and in low proportion portlandite (Ca(OH)2) and lime
(CaO) have been identified.
3.3 Particle Morphology and Microanalysis
Figure 2 and Figure 3 show different particles that make up the slag, and by performing microanalysis, the compounds identified by XRD are confirmed. It is important to note that, for
example, the calcium silicate compounds show a high variation in their proportions, so that it
is not possible to speak of compounds with an exact composition. The presence of compounds
from the gehlenite family has also been observed, which present greater or lesser amounts of
aluminum in their composition.

Figure 2. Chemical composition of different Calcium Silicates and Gehlenite of the particle of ladle slag.
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Figure 3. Periclase compound (left) and Calcium Silicate (right) in the Ladle slag.

In the samples analyzed by SEM-EDS, it was possible to find MgO particles, as shown in
Figure 4. Again, the complexity of the mineralogical composition of the slag should be pointed
out, since, as shown in Figure 4 right, in the same particle can be found compounds of calcium
silicate and magnesium oxide.
3.4 Physical and Mechanical Properties of Mortars
As reported in the literature, fine slag has cementitious properties, but with low cementitious
activity. This fact has been proved by XRD analyses, where the cementitious compounds are
some slow reacting calcium silicates and possibly some gehlenites. Therefore, the particle size
of the slag plays an important role in the development of mechanical properties, as it can act as
a filler material.
Figure 4 shows the effect of incorporating slag into mortars and curing time (7 and 28 days)
in compressive strength. It can be seen that as the amount of slag increases, the strength
decreases, and this decrease is almost proportional. When 25% of the cement is replaced by
slag, the strength falls by 20%, indicating that the material has a medium strength activity.
However, when 50% is replaced, the compressive strength falls by 62%, and when 75% is
replaced, the strength falls by 90%, clearly indicating that it is a material with medium-low
cementing activity. It should be noted that with replacements from 50% cement, the strength
achieved is almost 20 MPa, which means that there is a wide variety of materials that could be
developed with these properties.

Figure 4. Compressive strength of mortar with different rates of ladle slag.
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3.5 Expansion Behavior of Mortars
The volumetric stability behavior has been measured over time up to an age of approximately
400 days. The samples after manufacturing have been kept in a wet chamber (20°C and
95%R.H.), in order to have water availability and to facilitate the reactions of the expansive
compounds.
Figure 5 shows the behavior for the different types of mortars (control = 0% L.S, M25/75 =
75% L.S, M50/50 = 50% L.S, and M75/25 = 75% L.S.). For the control mortar, a linear increase
can be observed up to 100 days, and then the behavior is constant up to 0.02% linear expansion.
For mortars containing slag, it can be seen that after 100 days, linear expansion continues to
increase over time, possibly with greater expansion as the slag content increases.
The limit expansion value has been taken as 0.04%, which is used for aggregates with alkalisilica reactivity problems (Velasco, 2014). This is due to the fact that there is no regulation
regarding the minimum or maximum expansion that can be accepted when using slags in rigid
matrices.

Figure 5. Expansion over time for control mortars (a), 25% ladle slag mortars(b), 50% ladle slag mortars (c) and
75% ladle slag mortars (d).

3.6 Environmental Behavior of Mortars with Ladle Slag
In general terms, in Spain and other European countries, slag is classified as an inert waste
(REF). However, the classification is open and, in some cases, does not specify whether it is
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black slag or white slag. In this context, some regulations have stated that the classification is
only for black slag.
By carrying out leaching tests on the white slag, it can be verified that it is a material that
can be in the range of non-hazardous material or hazardous material (Council Decision
2003/33/EC of 19 December 2000), depending on each manufacturing plant. In this study, the
white slag analyzed present releases of some elements higher than those accepted for inert
materials, such as Barium and Nickel (Fig. 7). However, it can be seen that once incorporated
into the mortars, in all proportions, the release is below the limits. Figure 7 shows the quantities
released for the elements Chromium, Copper, Molybdenum, Lead, and Zinc, which are below
the limits for inert material.

Figure 6. Release of Barium (left) and Niquel (right) of ladle slag and mortar.

Figure 7. Release of Cr, Cu, Mo, Pb, and Zn of ladle slag and mortar.

4 Conclusions
According to the work done, the following conclusions can be drawn:
- The white slag studied presents phases that can generate cementing behavior. However,
it is observed that its activity index is low (80%), and it is only working as a filler.
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-

-

-

Replacement of cement by slag in percentages from 50% generate materials with a
compressive strength between 20 and 5 MPa. These values may be thought to be low,
but they would allow the use of slag in a wide variety of applications, from low strength
fluid fillers (< 2 MPa) to low mechanical stress pavement concretes (15 to 20 MPa).
The expansive behavior of mortars has shown a tendency to increase over time, which
can be a problem in terms of stability. However, linear expansions obtained up to 400
days of curing are below the 0.04% limit, which raises the possibility of their use in
short-life materials.
The white slag in this study is classified as non-hazardous materials, but when it is
incorporated into mortars, it behaves like an inert material. Therefore, at the end of the
lifespan of the material, it can be treated without further problems.
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Abstract. Capillary imbibition is a transport phenomenon occurring in concrete structures exposed to
weathering, frequently in direct connection with the resistance against different deterioration
processes. This property depends on the volume and connectivity of pores. For ground granulated
blast-furnace slag (GGBFS) and fly ash blended concrete mixes, the pore refining action of these
supplementary cementitious materials plays a positive role in the disconnection of the capillary
porosity and consequent reduction of the capillary imbibition rate. Moreover, for this particular
transport process, primary and secondary transport rates can be defined in connection with different
driving mechanisms. This allows a complementary description of the pore structure of concrete. In this
paper, blended concrete mixes were prepared by substituting 20, 40 and 60 % of OPC by GGBFS, and
20, 30 and 40 % of OPC by fly ash. The pore structure of these concretes is assessed by water
absorption under vacuum and mercury intrusion porosimetry after curing periods of 28 and 90 days.
Long-term capillary imbibition tests were also performed and primary and secondary imbibition rates
are computed by a novel approach that considers their linear evolution with the fourth root of time.
Results show the refinement action of GGBFS and fly ash by a softening in the transition stage
between the primary and secondary imbibition periods. A low water flow rate is consequently
correlated with the increased tortuosity of samples.
Keywords: Sorptivity, Supplementary Cementitious Materials, Pore Structure, Imbibition.

1 Introduction
Sorptivity is a widely used durability index of concrete. The quantification of the rate of water
imbibition by capillarity in concrete describes the pore connectivity of cementitious materials.
Previous work has shown that primary and secondary imbibition rates can be used for
describing the pore structure on the basis of their corresponding driving mechanism.
The most usual assessment method considers the relation between water uptake and the
square root of time, but it faces the significant difficulty of the lack of linearity of this
relationship for the case of cementitious materials. This is usually referred as anomalous
sorptivity (Hall, 2007; Küntz and Lavallée, 2001; Lockington and Parlange, 2003; Villagrán
Zaccardi et al., 2017). A comprehensive analysis of this analomaly led to the proposal of a
new approach considering the fourth root of time, which was validated with experimental data
in the short term (Villagrán Zaccardi et al., 2017). The new model considers the swelling of
the C-S-H gel as the main cause for the anomalous behaviour. Physical evidence of this
swelling was recently presented in (Alderete et al., 2019b), where the volumetric stability of
mortar and concrete samples was registered using strain gauges.
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During long-term exposure of samples, water uptake further continues at a very low rate
even after the capillary rise has covered the full height of samples (Alderete et al., 2019a;
Bentz et al., 2001; Castro et al., 2011; Hall and Hoff, 2009; Kaufmann and Studer, 1995;
Spragg et al., 2011). A secondary imbibition period for the water ingress driven by diffusion
into the finest pores of the cementitious matrix can be therefore defined. Allegedly, this
process starts as soon as the material makes contact with water, but it is initially masked by
the capillary action which dominates the water flow during the primary imbibition. The
secondary capillary imbibition has been presented as a convenient complementary descriptor
of the transport properties of cementitious materials (Henkensiefken et al., 2009; Kurtis et al.,
2016; Liu and Hansen, 2016; Wei et al., 2017). Both primary and secondary mechanisms
should be considered for describing the whole moisture transport during imbibition.
In this paper, capillary imbibition tests were conducted for 17 weeks on concrete mixes
with and without ground granulated blast furnace slag and fly ash to determine the primary
and secondary capillary imbibition rates. These transport parameters are compared with the
pore size distribution obtained by mercury intrusion porosimetry (MIP).

2 Materials and Methods
Concrete mixes were designed with a water to binder ratio (w/b) of 0.45. OPC type CEM I
42.5 N, ground granulated blast furnace slag (SB), and fly ash (FA) were used supplementary
cementitious materials (SCMs) in partial replacement of OPC in proportions of 20, 40 and 60,
and 20, 30 and 40%, respectively. A reference mix with only OPC as binder was also made.
Table 1 displays the properties of the binders, including composition, density, and particle
size distribution (obtained by laser diffractometry with optimal optical parameters chosen as
suggested in (Alderete et al., 2016)). Mix proportions, slump, air content, and compressive
strength are provided in Table 2. The mixes were named based on the binder (OPC for
control, SB, and FA for the blends) and the weight percentage of cement replacement. To
improve the workability, a commercially available polycarboxylic ether-based superplasticiser
was added to the concrete during mixing. In addition to five concrete cylinders with 10 cm in
diameter, three 10 cm cubes for compressive strength were also cast for each mix and cured in
a conditioned room at 20 °C ± 2 °C and 95 % ± 5 % RH for 28 and 90 days.
Table 1. Properties of OPC, SB, and FA.( nd = not determined, LOI = loss on ignition).

Properties

OPC
CaO 64.67

Chemical
composition
(%)

SB
S

nd

FA

CaO 38.34

S

1.4

CaO

3.02

S

nd

SiO2 20.74 Fe2O3 1.52

SiO2

33.7

Fe2O3 0.43

MgO

K2O 0.77

MgO

8.18

K2O 0.34

MnO

nd

Al2O3 11.36 MnO 8.18

Al2O3 23.5 MnO

Na2O 0.35

Na2O 0.39

0.95

Al2O3 4.91
Na2O

0.27

Cl

0.07

SO3

2.96

LOI

nd

-

SO3

0.03

Cl

0.01

LOI

0.16

-

SiO2 54.19 Fe2O3 7.92
MgO 1.92

SO3

0.94

K2O

<0.01

LOI

1.84

3.11

2.88

2.14

Particle size
dv10/50/90 (µm)

4.9/20.1/58.5

1.8/13.9/35.0

0.4/10/61.7

600

nd

Cl

-

Density (g/cm )
3

3.38
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Table 2. Nomenclature, mix composition, air content and slump of the studied concrete mixes.
OPCc

SB20c

SB40c

SB60c

FA20c

FA30c

FA40c

Cement - CEM I 42.5 N (kg/m )

342

274

205

137

274

239

205

SCM (kg/m )

0

68

137

205

68

103

137

3

Water (kg/m )

154

154

154

154

154

154

154

Sand (kg/m3)

865

860

860

860

860

860

855

Gravel 2/8 (kg/m )

500

497

495

493

497

493

490

Gravel 8/16 (kg/m )

540

535

535

535

535

535

530

Air content (%)

2.1

2.4

2.1

2.3

2.8

2.3

2.4

3

3

3

3

Slump (mm)

70

70

100

120

70

100

150

Compressive strength 28d (MPa)

50.6

42.6

32.6

32.2

50.1

50.8

48.8

The top halves of the five cylinders were used to determine water absorption by
immersion. First, samples were submitted to vacuum for 2 h and then water was drawn into
the vacuum chamber until the sample became fully immersed. After 24 h samples were
removed and the saturated weight was registered. Then, samples were subjected to drying in
an oven at 105 °C. Finally, water absorption was calculated from the difference between the
saturated weight and the dry weight, relative to the dry weight.
The samples for MIP were approximately 125 mm3, obtained from the core of one cylinder
per mix. Microstructural damage during pre-conditioning was minimised by first drying
samples at 40 °C for 24 h, and then vacuum-drying them at (20 ± 2) °C for two weeks at 0.1
bar (Snoeck et al., 2014; Zhang and Scherer, 2011). The maximum applied pressure was 200
MPa in order to avoid massive cracking induced by the pressure (Beaudoin and Marchand,
2001). Measurements were corrected with a blank to disregard differential mercury
compression. The intruding volume of mercury into the sample is a function of the pressure
increase. Results are interpreted with the theoretical simplified model of cylindrical pores and
translated into pore ‘diameters’ upon the application of the Lucas-Washburn equation. The
surface tension and contact angle considered for these computations were 0.482 N/m and 142°
(Ma, 2014), respectively. Qualitative contrasts are finally possible by comparing the threshold
diameter (dth) and intrudable pore volume (ɸin) (Ma, 2014). The calculation of dth was made
by the tangent method, and therefore denoted as dtg (Liu and Winslow, 1995), corresponding
to the intersection of tangent lines on the cumulative distribution curve at the smallest
diameter that did not exhibit significant intrusion and the largest diameter that did. The range
of the points to be fitted was determined by the analysis of the second derivative in the
differential curve. Furthermore, according to the cumulative curve shape obtained, it is
possible to make inferences about the presence of choke points.
The tested samples for the long-term capillary imbibition tests were obtained by sawing the
section between 3 and 8 cm from the base of the five cylinders. Samples were laterally
covered with aluminum-butyl tape to ensure one dimensional flow. The preconditioning
procedure consisted in 72 h immersion in water and then drying in an oven at 50 °C until
mass decrease was lower than a mass fraction of 0.1 % within 24 h. The capillary imbibition
test consisted in putting the samples in contact with water, with an immersion depth of (3 ± 1)
mm. Water evaporation was avoided by putting a lid on top of the water container. The water
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level was checked regularly and the immersion depth was kept at (3 ± 1) mm during the
whole testing period. Samples of OPCc and FA20c mixes with 28 days of curing were the
first ones to be tested, with testing periods up to 10 weeks. Based on these results, it was
decided to continue the measurements for the capillary imbibition tests on the rest of samples
up to 17 weeks to obtain a larger amount of data for the secondary period than for the first
data series. In this manner, a more complete description of the secondary period was achieved
in those cases. Measurements were performed after exposure periods of 0.5 h, 1 h, 2 h, 3 h, 4
h, 5 h, 6 h, and 24 h and after that every 24 h during the first week, once a week during the
first two months, and once a month until 4 months.

3 Results and Discussion
Figure 1 displays the results of relative water absorption of the mixes at 28 and 90 days. At 28
days, values of water absorption of all SB mixes are higher than the OPCc mix. However, at
90 days, mixes SB20c and SB40c had lower water absorption than OPCc at 90 days. Values
of water absorption at 28 days increased slightly with the FA content. At 90 days, FA20c and
FA30c show similar results as OPCc, but the higher replacement in FA40c does not allow to
compensate the dilution effect.

Figure 1. Relative open porosity and relative water absorption of OPCc, SB and FA concrete mixes at 28 and 90 days.

The cumulative mercury intruded volume curves of SB and FA mixes at 28 and 90 days
are presented in Figure 2, with the indication of the ɸin and dtg of each mix. Results reveal the
refinement action of SB with time. All mixes had a reduction of ɸin between 16 % and 26 %
after 90 days. Accordingly, dtg values were reduced from 28 to 90 days. For FA mixes, results
indicate the slower reaction of FA in comparison with SB, as indicated by reactivity tests
(Alderete, 2018). Although all FA mixes have a lower ɸin at 90 days than at 28 days, the
reduction is around half of that found for concrete mixes with SB. In fact, FA40c at 90 days
displays a higher value than SB60c at 28 days. This shows that even with a lower amount of
replacement (40 < 60) and with more time to react (90 > 28), FA does not compensate the
clinker dilution as well as SB. Values of dtg are in agreement with this as well, as they are
higher for FA concrete mixes than SB mixes at 90 days.
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Figure 2. MIP curves of OPCc at 28 (ref), SB20c at 28 (a) and 90 (b), SB40c at 28 (c) and 90 (d), SB60c at 28 (e) and 90 (f),
FA20c at 28 (g) and 90 (h), FA30c at 28 (i) and 90 (j), and FA40c at 28 (k) and 90 (l) days.
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Results for the capillary imbibition of the mixes are shown in Figure 3. Two periods,
primary and secondary, and a transition period in between, are observed. The primary
imbibition period takes place within 1 and 3 weeks, for samples tested at 28 days and 90 days,
respectively. Error bars represent the standard deviation (n = 5) and are marked in all graphs,
but, as the variability was very small, some error bars are not visible because they are smaller
than the marker. The capillary imbibition rate (CIR) is computed as the slope of the fitting
line during the first week: CIR1w (for 28 days); and during the first 3 weeks: CIR3w (for 90
days). The secondary capillary imbibition rate is computed as the slope of the fitting line after
the transition period: sCIR1w (for 28 days); and sCIR3w (for 90 days). The corresponding
coefficients of determination are shown in the graphs. The transition period is highlighted in
the graphs, where the difference between the primary and the secondary periods is less
marked for blended than control concrete.
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Figure 3. Long-term capillary water uptake results of OPCc at 28 (a) and 90 (b), SB at 28 (c) and 90 (d), and FA at 28 (e)
and 90 (f) days.
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Pore refinement due to the action of the SCMs led to a decrease in dtg in the range of 0.2 to
1 μm at 28 days, to the range of 0.05 to 0.1 μm at 90 days, which corresponds to a decrease in
the CIR from the range of 0.048 to 0.065 mg·mm-2·s-0.25 to the range of 0.034 to 0.044
mg·mm-2·s-0.25. This correlation is in contrast with the values of ɸin, which are not reflecting
so well the refinement action of the SCMs. Contrarily, the sCIR does not show a clear
connection with the MIP parameters, and this transport parameter is likely linked with the
content of C-S-H in each mix and the gel pores. Additional research in this regard seems
valuable. Furthermore, blended concrete mixes had a more marked transition period and lower
imbibition rate at 90 days in comparison with 28 days, which indicates a lower flow rate due
to their increased tortuosity.

4

Conclusions

The long-term exposure of unsaturated samples involves additional water uptake after the
capillary rise has covered the total height of samples. This is a process that occurs at a much
slower rate than the short-term capillary imbibition, and it can be related to a secondary
transport through the finest range of pores. Long-term capillary imbibition tests in blended
concretes manifested the existence of primary and secondary periods. Both periods display
increasing water uptake proportional to t0.25.
The pore refinement action of ground granulated blast-furnace slag and fly ash was
reflected in the comparable reduction of the CIR and dtg parameters. In second term, ɸin
values were reduced from 28 to 90 days, but the correlation is not very good with the capillary
imbibition. The likely reason is that pore refinement causes an increase in tortuosity more
than a reduction in porosity. Lastly, sCIR does not reflect so well the refinement action of the
SCMs. In this case, the transport parameter could be phenomelogically linked to the C-S-H
content and its characteristic porosity.
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Abstract. Sustainability in the construction industry is becoming everyday more a major issue in todays
world. To accomplish sustainability goals, adopted also by the Agenda 2030 of the United Nations, wide
research has been carried out in the past years. Among this, the use of recycled aggregates has been
proven to be promising both in terms of sustainability and material properties. Electric Arc Furnace
(EAF) concrete has demonstrated a significant increase in mechanical properties when compared to
natural aggregates (NA) ones. However, the mechanical properties enhancement is accompanied by an
increase of its specific weight and the overall effects of its use in RC structures subjected to dynamic
loads, has not been investigated yet. The present study aims to investigate the seismic reliability of
reinforced concrete frame buildings made with EAF in comparison to the same structural configurations
made with NA concrete, considering three different configurations (3-, 6- and 9- story building type)
designed considering ordinary concretes made with natural aggregates.
Keywords: EAF Slag, Reinforced Concrete, Seismic Fragility, Seismic Reliability.

1 Introduction
Sustainability is one of the global challenges that the construction industry must face in the near
future. The 2030 Agenda of the United Nations sets as one of its main goals waste generation
reduction and promotes policies of prevention, reduction, reuse, and recycling. Lately great
effort has been made by the research community on the promotion of recycling and reuse
opportunities of waste materials in the construction industry. One of the most remarkable cases
of recycling is the Recycled Aggregates (RAs) production by Construction and Demolition
Waste (C&DW) and their use is now regulated in most countries around the world
(FHWA,1997; EN 12620:2008; NTC, 2018). More recently, waste originating from industrial
processes, have been object of research to evaluate their possible use to produce RAs or socalled industrial aggregates. Among other industrial waste or by-products, those coming from
steelmaking industry, particularly electric arc furnace (EAF) slag, offer great performance when
used in structural concrete. In previous research has been observed that EAF slag use in concrete
mixtures improves both mechanical strength (Pellegrino et al., 2009; Arribas et al., 2015; Rondi
et al., 2016; Liapis et al., 2018; Qasrawi, 2014) (i.e compressive strength, tensile strength and
elastic properties) and durability (Faleschini et al., 2015; Pellegrino et al., 2012; Ortega-López
et al., 2018) when compared to concrete mixtures with ordinary ones. In addition, heavy-weight
metals present in the EAF slag composition give to EAF concrete mixtures a higher specific
weight with respect to NA mixtures.
Experimental work on the behavior of EAF concrete has been carried out also at the element
scale. They have shown that reinforced concrete (RC) elements with EAF slag aggregates
manifest better flexural and shear capacity with respect to ordinary RC when tested to
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monotonic loading under four-point bending (Pellegrino et al., 2013; De Domenico et al.,
2018). Axially loaded columns have shown a similar ductility to that of NA mixtures (Lee et
al., 2018) while a higher shear capacity of exterior beam-column joint is observed (Faleschini
et al., 2017). Laboratory tests on real scale EAF concrete joints under cyclic loading have shown
gain with respect to NA ones in terms of ductility, dissipated energy and reduced cracking
patter. Similar results were observed also for joints with lower cement content (Faleschini et
al., 2017). The use of EAF slag has shown enhanced ultimate and frictional bond strength with
respect to conventional concrete (Faleschini et al., 2017). Other beam-column joint conditions
(i.e., strong beam – weak column and strong column – weak beam situations) have been
numerically investigated (Faleschini et al., 2017).
The results of the research work reported above have shown that EAF concrete can be
suitably applied in gravity structures and in special facilities that require shielding from
radiations where its high specific weight and high strength can be better exploited (Pomaro et
al., 2019). However, its efficiency is not so obvious when applied in elevation RC structures
that are located in seismic regions where an important change of the building mass and stiffness
can lead to a significant increase of the seismic loads in the structure. The present paper aims
to study this topic, analyzing the seismic behavior of code conforming RC frame buildings built
with ordinary concrete then replaced with three different classes of EAF concrete characterized
by increasing aggregates replacement ratio. A dataset of experimental tests based on two
previous research works of the same authors is used to define the mechanical properties of EAF
concrete mixtures (Pellegrino et al., 2016; Zanini, 2019). Via statistical analysis, ratios of
variation of the main mechanical properties (i.e. compressive and tensile strength, and elastic
moduli) and of the specific weight were defined for three EAF concrete classes (C1, C2, A)
with respect to a benchmark mixture made with NAs. Three different geometrical
configurations of regular RC frame structures with three, six and nine stories were designed
according to the current Italian code for Constructions for a medium-to-high seismic hazard
site. Fragility functions were then computed from the seismic responses of the analyzed
configurations under a set of non-linear time history analysis (NLTHAs) and a seismic
reliability assessment was carried out for all 12 resulting combinations (combining 3 structural
configurations and 4 concrete mixes), investigating the variation of structural safety margins
related to the use EAF concrete mixtures in replacement to a conventional NA concrete.

2 EAF Slag Concrete and RC Frame Case Studies
EAF slag is a by-product of the steelmaking industry which, after cooling from temperatures
up to 1300 °C to ambient conditions, becomes a dark-grey stony material. EAF slag properties
depend on the type of steel to be produced, scrap composition, slag cooling method and speed,
and further weathering process. EAF aggregates present a rough texture and angular shape
which influences bond development in the cement matrix since crushed stones present higher
surface-to-volume ratio and require more cement paste to obtain a workable mixture in respect
to NAs. The main physical properties of the slag for two size fractions, compared to a dolomitic
aggregate, are reported in Table 1.
Generally, when used to replace NAs, EAF slag has a positive effect on the mechanical
properties. However, the properties of the mixture strongly depend on type and amount of
substitution. It has been experimentally proven that coarse aggregates have a beneficial effect,
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while when fine fraction is used the beneficial effect is more limited (Pellegrino et al., 2012).
Compared to standard NA concrete, the EAF mixtures have higher specific weight about 3.3 –
4.0t/m3 against 2.7t/m3 of normal ones. Particular attention must be paid to the segregation
phenomena. High specific weight can result in insufficient viscosity of the cement paste causing
the migration of the two phases. Elastic modulus is also enhanced when using EAF slag. This
is mainly because concrete elastic modulus depends mainly on the aggregates elastic modulus.
The overall property improvements are also due to the interfacial transition zone (ITZ) between
EAF aggregate and cementitious matrix that results denser and less porous than conventional
concretes. However, if a bad quality cementitious matrix or a high water/cement ratio is
employed property enhancements are less important.
Table 1. Physical properties of EAF slag compared to dolomitic aggregate (NA).

EAF slag 0-4 mm
EAF slag 4-16 mm
NA 0-4 mm
NA 4-16 mm

Apparent density
(kg/m3)
3800
3950
2760
2790

Water
absorption (%)
1.0 – 1.5
<1.0
1.0 1.5
<0.5

Porosity
(%)
2.0
0.5 – 2-7
< 2.0
0.9 – 1.8

Shape
Crushed
Crushed
Roundish
Roundish

To analyze the structural response of buildings built with different concrete mixtures, threemoment frame RC structures with 3-, 6- and 9- stories were considered. The structures are
characterized by a regular rectangular shape with five spans in the longitudinal direction and
three in the transversal one. Spacing between consecutive bays is equal to 5 m.
The structures were supposed to be located in a moderate-to-high seismic hazard site
(Municipality of Pordenone, Northeast Italy) and designed in accordance with the Italian
Building Code considering a low ductility class (Class B). Seismic forces were computed from
a dynamic linear analysis while beams and columns were sized accordingly, using Reference
C25/30 strength class.
a)

b)

c)

Figure 1. RC frame layouts analyzed: floor plan (a), 3- (b), 6- (c) and 9-story (d) building archetypes.
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3 Seismic Reliability Analysis
For the Performance-Based Earthquake Engineering (PBEE) framework (Cornell et al., 2000)
the occurrence of mainshock events at a given site is assumed to be a Homogenous Poisson
Process. Neglecting damage accumulation on structure, the process of events causing the
structural failure is also represented by an HPP, whose unique parameter, the failure rate
𝜆𝜆𝑓𝑓 , can be used for computing the failure probability in any time interval. Particularly, it depends
on the hazard curve (𝜆𝜆𝑖𝑖𝑖𝑖 ), representing the seismicity on a specific site, and on fragility curve
(𝑃𝑃[𝑓𝑓|𝑖𝑖𝑖𝑖]) being the probabilistic structural behavior of a specific structure. 𝜆𝜆𝑓𝑓 can be computed
by applying the Total Probability Theorem in the following way:
𝜆𝜆𝑓𝑓 = ∫𝑖𝑖𝑖𝑖 𝑃𝑃[𝑓𝑓|𝑖𝑖𝑖𝑖] ⋅ |𝑑𝑑𝜆𝜆𝑖𝑖𝑖𝑖 |

(1)

𝑃𝑃𝐸𝐸,𝑓𝑓 = 1 − 𝑒𝑒 −𝜆𝜆𝑓𝑓 𝑡𝑡

(2)

𝛽𝛽𝐸𝐸,𝑡𝑡 = −Φ−1 (𝑃𝑃𝐸𝐸,𝑓𝑓 )

(3)

Once estimated the failure rate, based on the HPP assumption it is possible to quantify the
probability of failure for a given time window of interest t due to earthquake occurrences:
and further, derive the seismic reliability index (𝛽𝛽𝐸𝐸,𝑡𝑡 ) in accordance with the reliability analysis
theory with the following transformation:
3.1 Seismic hazard and fragility estimation

To compute 𝜆𝜆𝑖𝑖𝑖𝑖 , seismic hazard map for Italy, provided by the National Institute of Geology
and Volcanology (INGV), was used. To compute the failure rate a continuous hazard function
is needed. Since INGV provides hazard data (values of the 16th, 50th and 84th percentile) only
for nine return times, median values were fitted with a quadratic function in logarithmic space:
𝜆𝜆(𝑠𝑠) = 𝑘𝑘0 𝑒𝑒 (−𝑘𝑘1 ln(𝑠𝑠)−𝑘𝑘2𝑙𝑙𝑙𝑙

2 (𝑠𝑠))

(4)

In assessing seismic reliability, instead of the median hazard curve, it is more suitable to
refer to the mean one which is possible to derive with the following equation:
Where 𝛽𝛽𝐻𝐻 can be estimated as:

1 2

𝜆𝜆̅(𝑠𝑠) = 𝜆𝜆(𝑠𝑠) 𝑒𝑒 (2𝛽𝛽𝐻𝐻)

(5)

𝛽𝛽𝐻𝐻 =

(6)

ln(𝑆𝑆84% )−ln(𝑆𝑆16% )
2

The fragility function (𝑃𝑃[𝑓𝑓|𝑖𝑖𝑖𝑖]) represents the probability to reach and exceed a certain
damage state given a specific intensity 𝑖𝑖𝑖𝑖. In this work, Cloud Analysis method
(Jalayer&Cornell, 2003) is adopted. The fragility parameters are estimated starting from a set
of n natural ground motion records and the fragility function is computed as follows:
̅̅̅̅̅̅

𝑙𝑙𝑙𝑙(𝑒𝑒𝑒𝑒𝑒𝑒)−𝑙𝑙𝑙𝑙(𝑒𝑒𝑒𝑒𝑒𝑒)
[𝑓𝑓|𝑖𝑖𝑖𝑖] = 𝑃𝑃[𝐸𝐸𝐸𝐸𝐸𝐸 > ̅̅̅̅̅
𝑒𝑒𝑒𝑒𝑒𝑒|𝑖𝑖𝑖𝑖] = 1 − 𝑃𝑃[𝐸𝐸𝐸𝐸𝐸𝐸 ≤ ̅̅̅̅̅
𝑒𝑒𝑒𝑒𝑒𝑒|𝑖𝑖𝑖𝑖] = 1 − Φ [
]
𝛽𝛽

(7)

̅̅̅̅̅ is the median threshold value of the assumed structural limit state, and 𝑒𝑒𝑒𝑒𝑒𝑒 represents the
𝑒𝑒𝑒𝑒𝑒𝑒
median estimate of the demand that can be computed with a ln-linear regression model, as:
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(8)

𝑙𝑙𝑙𝑙(𝑒𝑒𝑒𝑒𝑒𝑒) = 𝑎𝑎 + 𝑏𝑏 ∙ 𝑙𝑙𝑙𝑙(𝑖𝑖𝑖𝑖)

𝛽𝛽 is the standard deviation of the demand conditioned on 𝑖𝑖𝑖𝑖 and can be estimated from the
regression of the seismic demands as:
𝛽𝛽𝐻𝐻 =

ln(𝑆𝑆84% )−ln(𝑆𝑆16% )

(9)

2

4 Seismic Reliability Assessment of the EAF RC Frame Archetypes
For the NLTHAs a diffused plasticity model, using a fiber section discretization, was adopted
to consider material non-linearities. Unconfined and confined concrete was modeled via the
Mander et al. (1988) model whereas the Menegotto-Pinto (1973) steel model was used for the
non-linear behavior of rebars. Simulations were carried out via SeismoStruct software and a set
of 30 natural unscaled ground motion records were adopted using all three components of the
seismic wave. EAF concrete characteristics are computed using the ratio coefficients in Table
2 and the reference concrete material (C25/30) characteristics.
Table 2. Ratios between EAF and Reference concrete properties.

ρc,EAF / ρc,Ref
fc,EAF / fc,Ref
fct,EAF / fct,Ref
Ec,EAF / Ec,Ref

Class EAF-C1
1.166
1.395
1.280
1.330

Class EAF-C2
1.166
1.404
1.100
1.100

Class EAF-A
1.154
0.915
1.080
1.040

In the present paper, the chosen Engineering Demand Parameter (EDP) parameter is the
maximum inter-story drift ratio (IDR) while the peak ground acceleration (PGA) is used as
Intensity Measure (IM). Four damage states: Slight, Moderate, Extensive and Complete, with
corresponding EPD threshold of 0.4%, 0.8%, 1.5% and 3%, were defined. Threshold values
result similar to those proposed for ductile RC moment frame structures by Ghobarah (2004)
and were defined from non-linear static analysis. For the mid-rise and high-rise buildings, a
reduction factor of respectively 2/3 and 1/2 as proposed by FEMA (2012) was considered to
account for higher mode effects and differences between average computed in non-linear static
analysis and maximum individual IDR from NLTHAs.

5 Results and Discussion
Structural response was evaluated with respect to the four damage states previously defined,
varying from Slight to Complete. Fragility functions were computed for each of the 12 cases,
resulting from different geometrical and material combinations, using the Cloud Method
described in Section 3.1 (Figure 2). A comparison of the seismic performance of structures built
with the reference concrete and EAF concrete is given in Figure 2 with the fragility curves and
the reliability index in Figure 3.
It can be noted that the overall performance of EAF concrete structures is close to the
performance of the reference material one. The 6- story model has shown almost the same
response for all considered materials, proven by overlapping fragility curves, while the 3- and
9- story curves tend to vary more when considering different materials.
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a)

b)

c)

Figure 2. Slight, Moderate, Extensive and Complete DS fragility curves for 3- (a), 6- (b) and 9- (c) story RC
frame archetypes (Solid - reference (C25/30); Dotted - EAF-C1; Dashed - EAF-C2; Dash-dot – EAF-A).

a)

b)

c)

Figure 3. Reliability index for 3- (a), 6- (b) and 9- (c) story RC frame archetypes.

Mean failure rates and reliability indexes were also reported for all building frames (Table
3). When compared to the reference material, EAF concrete buildings report similar reliability
indexes. This confirms that in terms of safety margins with respect to seismic actions, buildings
designed with ordinary concrete but built with EAF aggregates are exposed to almost the same
risk as those built with NAs ones.
This highlights that NAs replacement with EAF aggregates, in the same structural system,
has a small impact in terms of seismic reliability levels achieved. The difference in the mean
failure rate of the 9-story building and those of the 3- and 6-story ones may be due to the reduced
damage states EDP threshold adopted for the 9- story by considering it a high-rise building. It
also points out that current code recommendations do not guarantee building design
characterized by the same level of seismic reliability but often some differences can be
observed, especially when comparing different rise buildings.
Table 3. Comparison between mean failure rates and reliability indexes (β) derived for 3-, 6- and 9-story RC
frame archetypes.

612

DS

Story

Slight

369-

C25/30
𝜆𝜆𝑓𝑓
β
4.31E-03 2.63
4.97E-03 2.58
1.08E-02 2.30

C1-EAF
𝜆𝜆𝑓𝑓
β
4.28E-03 2.63
4.91E-03 2.58
1.02E-02 2.32

C2-EAF
𝜆𝜆𝑓𝑓
β
4.37E-03 2.62
5.05E-03 2.57
1.12E-02 2.29

A-EAF
𝜆𝜆𝑓𝑓
β
4.22E-03 2.63
4.94E-03 2.58
1.08E-02 2.30
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Moderate
Extensive
Complete

369369369-

8.98E-04
9.93E-04
2.46E-03
1.80E-04
1.89E-04
5.27E-04
2.43E-05
2.36E-05
7.71E-05

3.12
3.09
2.81
3.57
3.56
3.28
4.06
4.07
3.78

9.23E-04
9.77E-04
2.39E-03
1.93E-04
1.85E-04
5.30E-04
2.76E-05
2.31E-05
8.13E-05

3.11
3.10
2.82
3.55
3.56
3.27
4.03
4.07
3.77

9.23E-04
1.01E-03
2.61E-03
1.88E-04
1.94E-04
5.78E-04
2.58E-05
2.45E-05
8.80E-05

3.11
3.09
2.79
3.56
3.55
3.25
4.05
4.06
3.75

8.27E-04
9.76E-04
2.34E-03
1.55E-04
1.83E-04
4.80E-04
1.90E-05
2.26E-05
6.58E-05

3.15
3.10
2.83
3.61
3.56
3.30
4.12
4.08
3.82

6 Conclusions
The main goal of this paper was to investigate the effect of concrete mixtures with EAF slag in
the seismic performance of different code conforming RC-frame structures (3-, 6- and 9stories). The impact of EAG slag in mass and stiffness variation can lead to different seismic
loads and global response of the building. A seismic reliability assessment was carried out and
fragility functions, mean failure rates, and reliability indexes were computed for each
combination of geometrical configuration and material. Based on the results of the present study
the following conclusions can be highlighted:
− Using materials that were proved to have higher mechanical strength than the reference one,
might not improve the global seismic behavior of the structure.
− When replacing NAs of ordinary concrete with EAF ones the seismic safety levels achieved
are comparable to those of the same structural configuration built with ordinary concrete.
− For the low- and mid-rise buildings considered (3- and 6- stories) results showed similar
reliability levels, while a more significant variation was observed for the high-rise case (9story). This marks out how current building codes may not ensure the same seismic
reliability level for all the designed structures.
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Abstract. In the last three decades the soft computing methods were used by the research community in
almost every branch of construction, providing successful and convenient solutions for different
problems in civil engineering. This paper presents some of the applications of these methods – especially
neural networks (NN) and support vector machine (SVM) - in sustainable construction, i.e. its economic,
social and environmental aspects. Soft computing applications were made in the last several years by
our research team at the Faculty of Civil Engineering in Skopje, N. Macedonia, in collaboration with
other authors from our and other countries. Several predictive models were developed using: general
regression neural network (GRNN), support vector machine (SVM) and radial basis function neural
network (RBF NN), using predictive modelling software DTREG. Applications of these models cover
most of the aspects of sustainability in construction. Models were focused on predicting: road structure
construction costs, bidding price in construction, sustainability assessment at early facilities design
phase, predicting construction cost and construction time and predicting consumption of energy in
buildings. Some of the mentioned developed predictive models are hybrid, composed of process-based
and data driven models which contributed very much to the improvement of the accuracy of the
predicting. The general conclusion is that the soft computing methods are a useful tool for developing
models in the area of all aspects of sustainability and their application can lead to increasing
sustainability in construction.
Keywords: Sustainable Construction, Soft Computing Methods, Predictive Modelling.

1 Introduction
The construction industry creates conditions for the whole development of the country, but it
can have some negative impact on the sustainability aspects: environmental, social or economic
aspect. In that regard, balancing society’s needs with environmental and economical demands,
the construction industry should fulfil the present society needs, but with respect to its future
needs (Chendo, 2013; Rafandadi et al., 2014).
The implementation of sustainable construction procedures is a slow process, mostly due to
the widely spread opinion that they are time, effort and cost more demanding than traditional
ones (Dobson et al., 2013). Hence, meeting the sustainable aims has become a construction
project participants’ challenge and researches’ focus worldwide. They have researched different
sustainable aspects using various of techniques and methods. Some of them are soft computing
methods (SCMs). SCMs are noted as useful for developing models for different sustainable
problems in construction (Polat et al., 2014; Ahmad et al., 2014; Arida et al., 2016). Therefore,
the aim of this paper is to present a brief review of the authors’ research on several construction
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sustainability issues by using SCMs. The models were focused on predicting: sustainability
assessment, bidding price, construction time, construction cost and energy consumption of
buildings.
Sustainability assessment: Facilities construction is globally noted as having large
consequences on sustainability aspects. Thus, in spite of the existence of numerous obstacles,
balancing sustainable issues and their incorporating in facilities construction and maintaining
is a challenge for all participants in the construction projects (Aksorn and Charoenngam, 2015).
Therefore, the early design phase is seen as a phase with high impact on facilities sustainability
due to its providing drawings and specifications for the facility in accordance with the clients’
wishes and needs (Crawford, 2013). Facility design which integrates the sustainability issues
provides benefits for the project participants, the facility users and the whole society (Adeyeye
et al., 2013). But that is a complex process which puts designers under pressure. Therefore,
construction project managers can support the inclusion of sustainability aspects in the facility’s
design which will lead to increasing the money value of the facility, while providing satisfied
customers and construction of eco-friendly facility.
Bidding price: Construction companies usually acquire their work by winning a tender.
Hence, choosing the bidding price that will win the tender is of particular interest for each
construction company. But the decision what price to bid is a responsible, time and effortconsuming process which is influenced by a set of factors (Watt et al., 2009). Therefore, having
a model for predicting the price in order to win the bid is useful and it facilitates the decision
making process.
Construction time and cost are elements that are included in each contract regarding facilities
construction. Hence, they have influence on the contract signer’s work and reaching the
contracted time and cost is signer’s challenge. That leads to a number of investigations
regarding construction cost and time, such as: their prediction, their overrun, the time-cost
relation, their influencing factors, etc. (Abu Hammad et al., 2008).
Energy consumption of buildings has an impact, not only on the comfort, costs and other
social and economic aspects of users, but also on the environmental aspect. In fact, buildings
are among the biggest users of energy, thus prediction of their energy consumption is of
particular interest. During the stage of selecting the optimal design of the new building or old
building reconstruction/renovation, numerous measures/solutions can be used for reducing the
building’s energy consumption. Some of them are: system with heat pump from ground source
(Michopoulos et al., 2016); renewable energy systems usage and their combination or
combination of systems for heating, power and cooling; system installation for energy
management, etc. (Farhat et al., 2014; Rasool et al., 2015; Kialashaki, 2018). Thus, of particular
interest is to have models for energy consumption forecasting.

2 Literature Review
Sustainability outcomes and environment protection are in a significant positive relation (Smith
and Rootman, 2013), so for owners the sustainability has impact on their portfolio (WarrenMyers, 2012). Rafindadi et al., (2014) stated that there is no significant difference among
project stakeholders on sustainable projects risks, so for Babawale and Oyalowo (2011) the real
estate valuers should have more knowledge about sustainability aspects of properties in order
to effectively assess their value. For Dobson et al., (2013) there is perception that capital costs
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for sustainability are high, which can be an obstacle for the construction.
Bidding price in construction – There are different categories of bidding-price models, such
as: models that are directed towards maximization of the expected; models based on systems
for decision support; models based on artificial intelligence, etc. (Polat et al., 2014). For
example: a bidding model that uses generic software for probability estimating of the success
is presented by Kitchenham et al., (2005).
Construction time and cost relation and their overruns are researched worldwide. Zhang and
Ng (2012) solved time-cost optimization problems using evolutionary-based optimization
algorithm. Similarly, Afshar and Fathi (2009) used Fuzzy-sets theory for accounting the
uncertainness in each activity direct cost, in order to determine the financing cost and required
credit. They developed a model for searching the solutions that are non-dominated for the
construction objectives: total time, financing cost and required credit.
Energy consumption of buildings is among issues that are highly researched, from different
aspects and using different methods and techniques. Widely used are: traditional numerical
methods, statistical methods and intelligent methods. Promised results were given by: Ekici and
Aksoy (2009) using backpropagation ANN; Holcomb et al., (2009) with support vector
regression, ANN and multilinear regression; Ahmad et al., (2014) with support vector machine
and ANN concluding that hybridization of these methods is suitable for more accurate
prediction; Arida et al., (2016) using ANN, particular non-linear auto-regression ANN; Amber
et al., (2017) using the Multiple Regression technique; Li et al., (2017) using extreme deep
learning approach, etc.

3 Methods
There are generally two types of methods for analysing data: traditional hard-computing and
modern soft computing methods. The hard computing methods use an accurately stated
analytical model of the process that should be modelled, while the soft computing methods do
not need analytical model of the process. The soft computing methods have been developed as
an alternative solution for solving the contemporary problems. The two most important
constituents of soft computing are learning from experimental data (neural networks and
support vector machine) and fuzzy logic methods, but in recent years there are also other:
probabilistic reasoning, genetic algorithms, chaos theories, fractals (Kecman, 2001). There are
many different types of NNs developed for solving different problems, some of them being:
GRNN, RBF NN, polynomial NN, probabilistic NN, multilayer perceptron (MLP), cascade
correlation NN. In our research we have used only the first two.
3.1 Data-Driven Soft Computing Methods
Soft computing methods try to transfer the human knowledge into mathematical, analytical
models by finding methods for learning from experimental data.
NNs and SVMs are mathematical computing models that implement the idea of learning
from experimental data, and FL systems implement structured human knowledge into effective
computing algorithms (Kecman, 2001).
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3.1.1 Artificial neural networks (ANNs)
NNs implement the functioning of the human neurons. The three most important aspects of the
NNs are: implementation of biological neural networks, the concept of parallel distributing
processing and the concept of learning and self-organizing (Haykin, 2005). NNs can
approximate multivariable nonlinear functions, identifying the interactions between input and
output data easily, minimizing some error function which expresses the difference between
actual output values and the predicted values by the NN. In our research most often used NNs
were: GRNN and RBF NN.
Radial basis function neural network (RBF NN) is a 3 layered feed forward network (Figure
1 (Sherrod, 2013b)). The values from the input neurons are fed to the neurons from the next
hidden layer, which has mutable number of neurons determined by the algorithm for the training
process. RBF NN can have one or several outputs, depending on the task which is solved; if it
is used for forecasting then RBF NN has only one output, but if it is used for classification, then
it may have several outputs, equal to the number of categories of the target variable.

Figure 1. RBF NN architecture.

Figure 2. GRNN architecture.

General regression neural network (GRNN) is most often used NN in our research. This NN
is in most of the cases very accurate and is used for forecasting, control problems, mapping
(Specht, 1991). The most attractive characteristic of GRNN is its ability to converge to the
optimal solution very quickly, requiring only several samples. GRNN has 4 layers (Figure 2)
(Sherrod, 2013b).
3.1.2 Support vector machine (SVM)
SVM models have been developed to solve the contemporary problems that have appeared with
the standard classical statistical modelling. SVMs can successfully work with standard
contemporary multidimensional data sets and also with small training data sets (Kecman, 2001).
SVMs have similar architecture as classical NNs. In fact, a two - layer feed forward NN is
equivalent to a SVM model which uses sigmoid kernel function.
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3.2 Bromilow Process-Based Model and Hybrid Modelling
The soft computing methods that were described above are data-driven methods, and they do
not use any knowledge about the process which should be modelled in a form of some
mathematical formula. Process-based methods describe the process by some mathematical
formulae. The hybrid modelling is a relatively new field of investigation and very promising
results have been reported.
The process-based model used in our research was the well-known Bromilow “time-cost”
model which gives the relation between construction time and construction cost. This model is
given by the equation (1):
T

aC b

(1)

T is a construction time, C is a construction cost (price), a is a model parameter which expresses
the average time needed for construction of a monetary value, and b is parameter which
expresses the dependence of the time on cost change (Bromilow, 1969).

4 Results and Discussions
Using the methods described above, in the last several years predictive models applied for
solving different problems in civil engineering have been developed by the research team from
our country and also with collaboration with authors from other countries. The software used
for developing the models was predictive modelling software DTREG (Sherrod, 2013a, 2013b).
The developed models were applied for forecasting: sustainability assessment, bidding price,
construction time, construction cost and energy consumption of buildings. Part of the available
data for developing the models was used for training and part of them for validation of the
model. The most used methods for validation were k-fold cross validation and random percent.
The accuracy of the models has been estimated by the standard estimators: MAPE (mean
absolute percentage error), and the coefficient of determination R2 which measures the global
fit of the model.
Sustainability assessment: 112 project managers from construction firms in R. Macedonia
were participants in an anonymous survey, whose goal was to determine their opinion about the
factors that mostly affect the sustainability assessment of the facilities’ preliminary design. The
questionnaire developed by the authors consisted of 72 questions, seen as factors that influence
the sustainability of the facilities preliminary design. 27 of them were chosen as most
representative for building the model. The participants were asked to answer the questions on
a 6 point Likert scale (from 1 – unimportant, to 6 – extremely important). The questions were
considered as predictors for the model. One of them was considered as target variable – the
question: sustainability assessment of the preliminary design. GRNN from DTREG predictive
modelling software was used for modelling. DTREG also computes the most important factors
that impact the target variable, and the 6 most influential of them reported by DTREG were: 1)
work experience, 2) work on several outline design proposals, 3) resolving issues between
stakeholders, 4) prioritization of participants in the design phase, 5) procurement management
and 6) defining project program and goals. The conclusion from this modelling is the finding
that the project managers assessed the social aspects more influencing sustainability and
economic and environmental issues less influential. The accuracy of the model was: MAPE=
2.6% and the coefficient of determination was R2=0.84 (Zileska et al., 2017).
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Bidding price: A model for forecasting bidding price was developed using SVM method for
prediction. Data from 26 tenders were used for modelling out of 54 tenders that were collected
from construction firms. Two variables were used as predictors (time for preparation and the
price offered) and the target variable was price obtained. The accuracy of the model was with
MAPE 2.5%, and R2 = 89.8%, (Petruseva et al., 2016).
Construction time: Several hybrid models were developed for predicting time of
construction using Bromilow time-cost model (BTC model) as process-based model. One of
them was hybrid, composed of BTC model and GRNN model and it was modelled with data
for 116 different types of structures: road structures, petrol stations, bridges, education
facilities, business buildings, and other. The data was about purpose of the structure, year of
construction, region of location, contracted time and cost and also realized time and cost. Target
variable was real time of construction, and as predictors were chosen: purpose of the structure,
real and contracted cost and contracted time. The accuracy of the model was: MAPE=3.3% and
R2 = 93.2%, using purpose of construction (as string variable), and contracted time, contracted
cost and real cost of construction as predictors, and target variable was real time of construction.
The input values of real and contracted time of construction and real and contracted cost of
construction were not their actual values, but logarithm of their values, because of the
application of the BTC model (eq. 1). This equation was applied for the relation of the real time
and real cost of construction, and also for the contracted time and cost, and these two equations
were logaritmized and summarized and the obtained equation was a relationship between their
logarithmic values. We shall stress here the importance of the hybrid model which drastically
improved the accuracy of the model, because without using BTC model as part of the hybrid
model, the accuracy of the model was drastically decreased: MAPE = 31.8%, and R2 =75,6%
(Petruseva, Car-Pusic and Zileska, 2019).
Construction cost: One of the developed models for predicting construction cost was hybrid
model, composed of RBF NN and BTC model with accuracy: MAPE = 0.64%, R2=99.2%. The
data were for 65 objects. Target variable was the real cost of construction, and predictors:
contracted cost of construction and real and contracted time of construction, but here also as
input values for these variables logarithms of their actual values were used because of the
application of the BTC model. Without BTC model as part of the hybrid model, using only
RBF NN, the accuracy of the model was: MAPE around 54% and R2 around 44% (Zileska and
Petruseva, 2017).
Energy consumption of buildings: The model developed for predicting building energy
consumptions used data for real energy consumption for 55 residential buildings in R.
Macedonia, constructed/reconstructed from 2013 to 2018. The accuracy of the model, using
GRNN was: MAPE=3.12% and R2=91.7%. The target variable was building energy
consumption Q [kwh/m2/year], and from all available data, 10 were chosen as most
representative predictors, which were related to: 1) thermal transmittances (in W/m2) of: walls,
windows, floors, roofs, and also: 2) their corresponding geometries and areas (in m2) – areas
of the floors, walls and roofs (Zileska, Petruseva and Samardzioska, 2018).

5 Conclusions
Sustainability aspects are complex and inter-connected, so their researching and incorporating
in construction is an effortful process. Furthermore, there are many sustainability influencing
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factors, so it’s useful to have prediction models for sustainable aspects. Recently, the most
popular soft computing methods used for predictive modelling have been SVMs and NNs
(GRNN, RBF NN, MLP, polynomial NN, cascade correlation NN, probabilistic NN). In the
last several years we have developed several predictive models using mostly GRNN, SVM,
RBF NN, and several hybrid models composed of data-driven and process-based model. The
developed models gave a satisfied accuracy in prediction of: manager’s assessment of the
sustainability in early design phase for the facility, building energy usage, bidding price,
construction time, construction cost, etc.
The models presented in this paper showed that the usage of SCMs facilitates the decision
making process and leads to increasing the sustainability in construction.
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Abstract. Planning of maintenance activities (an integral approach) on ever growing system such as
urban road infrastructure requires decision makers to take into account large number of different data
and usually conflicted criteria, derived from several aspects of analysed problem. This systematic
approach to planning is based on the main three steps: identification of alternatives, their validation
and selection for inclusion into a maintenance plan. Most of authors are dealing with the last two steps
however, focus of this research is on the first step. This step is a critical phase of planning because it is
important to identify road infrastructure segments that need to be improved. Meaning, those with poor
condition. The condition of a segment must be expressed as simple as possible (by unique Condition
Assessment Value) and by usage of few but most relevant criteria (such as level of service, safety, time
period passed form the last renovation and stability). Another important issue is provision of relevant,
relatively quick and consistent expert assessment of segment condition according to above mentioned
criteria and for large number of segment. To insure such assessment with high quality of segments
identification this paper propose an decision support concept/expert system based on combination of
trained and tested Artificial Neural Networks (ANN) and Simple Additive Weighting (SAW) method. The
concept is validated on urban road infrastructure of city centre of Split, Croatia and it proved to be
useful for determining a set of road infrastructure segments where maintenance activities should be
undertaken.
Keywords: Decision Support Concept, Road Infrastructure Segments, Planning, Artificial Neural
Networks.

1 Introduction
In the field of urban road infrastructure systems, planning process of maintenance activities is
highly complex and ill structured problem. This complexity is defined by several factors: lots
of stakeholders with different opinions, huge amount of information quantities,
multidisciplinary character of the problem, conflicts among goals and criteria, budget
restrictions, etc. These factors indicate that the decision-making to maintaining activities of the
road infrastructure planning are burdened with complex and socially sensitive problems,
especially for the long-term planning. For that reason, long-term planning tasks should be
supported by decision making tools such are multicriteria methods that can contribute to a more
efficient realization of the tasks. In order to manage such complexity, a decision support
approach is proposed, aimed at improving decision making to planning of maintain activates at
the road infrastructure system. This concept represents a multicriteria decision-making
approach, and is based on multicriteria analysis. Three main steps are crucial for a realization
of planning: identification of alternatives, their validation and selection for inclusion into a
maintenance plan. In this research, focus is given to the first step where road infrastructure
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segments are identified and need to be improved because of their poor condition. These
conditions are express by Condition Assessment Value (CAV), using few the most relevant
criteria (such as level of service, safety and time period passed form the last renovation, etc.).
Expert assessment of segments conditions according to defined criteria are given and to
achieve the most precise assessment this paper propose an decision support concept and expert
system based on combination of trained and tested Artificial Neural Networks (ANN) and
Simple Additive Weighting (SAW) method. There are many studies dealing with possibilities
of generating decision support tools for maintaining road infrastructure segments. Zavdskas,
Liias and Turskis (2008) gave a review of international and national practices in investment
decision support tools in bridges and road quality management. He, Song and Chaudhry (2013)
in their paper, explored the integration problem of service-oriented system and intelligence
technology through the use of a group decision support system, applied on transportation
management. Petty and Mahoney (2008) gave enhancements and refinements associated with
winter maintenance decisions that the United States Federal Highway Administration initiated
in a project aimed at developing a winter road Maintenance Decision Support System (MDSS).
The goals of the MDSS project were to construct a functional prototype MDSS that can
provide objective guidance to winter road maintenance decision makers concerning the
appropriate treatment strategies These strategies are used to control roadway snow and ice
during adverse winter weather events, and develop a prototype that will also serve as a catalyst
for additional research and development by the private sector. Dunkel et al. (2011) proposed a
reference architecture for event-driven traffic management systems, which enables the analysis
and processing of complex event streams in real-time and is therefore well-suited for decision
support in sensor-based traffic control systems. Zhou et al. (2010) presented a research effort
undertaken to explore the applicability of data mining and knowledge discovery (DMKD) in
combination with Geographic Information System (GIS) technology to pavement management
to better decide maintenance strategies, set rehabilitation priorities, and make investment
decisions. Bielli (1992) presented a decision support system to urban-traffic management to
achieve maximum efficiency and productivity for the entire urban-traffic system, including the
urban road infrastructure. Guisseppi and Forgione (2002) and Jajac, Knezić and Marović (2009)
in their papers gave a cost and benefit aspect of potential infrastructure investments, showing
that several decision-support models can be generated. Quintero, Konaré and Pierre (2005)
described an improved decision support system named Intelligent Decision Support System that
coordinates management of several urban infrastructure systems, such as the sewage and
waterworks. Proposed Intelligent Decision Support System was a solution for the future urban
infrastructure management. Similar approaches were given by Pomerol, Roy and RosenthalSabroux (1996), Turban and Aronson (1995) and Leclerc et al. (2001). Sayers, Jessop and Hills
(2003) used SAW method (Hwang and Yoon, 1981) to present a multicriteria evaluation of
transport infrastructure for ranking transport investments. These investments aim was to
improve infrastructure in small towns, analysing three solutions: minimum interventions on the
existing network, upgrading the existing route, and building a bypass. A simplified transport
project ranking methodology with an integrated multicriteria decision making process that
prioritizes transport projects in cases when multiple stakeholders present various different
opinions was given by Shelton and Medina (2010) and Jajac, Marovic and Baucic (2014). Jajac
(2010) made a research on the development and maintenance of urban road infrastructure by
implementing and using multicriteria analysis and ANN at strategic, tactical and operating
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decision making levels, in urban areas. To improve a decision making process in such complex
circumstances, it is important to develop new tools aimed at raising the level of transparency
and objectivity in the solution-selection process (Jajac, 2010). This research is focused on
decision support concept to maintenance activities panning of improving road infrastructure
segments in urban areas. It is based on the multicriteria methods AHP and SAW, and expert
systems, using ANN, to support project management. The concept is validated on the urban
road infrastructure of the city centre of Split, Croatia, and proved to be useful for determining
a set of road infrastructure segments where maintenance activities should be undertaken.

2 Decision Support to
Infrastructure Segments

Improve

Maintenance

Planning

of

Road

Using architecture of the DSS for urban-infrastructure management (Jajac, 2010), a decision
support to planning of maintenance activates improvement of road infrastructure segments is
developed. The model for improving urban road infrastructure segments maintenance planning
is proposed in Figure 1. The process of decision-making starts at the strategic and tactical levels,
where with the case study is determined and stakeholders are selected. The main characteristics
of each segment of infrastructure are collected and stored in database, they are accessible for
entering periodically new inputs at the operational level during the continuous maintenance
process. These main characteristics of segments are important for defining criteria and their
weights. Firstly, stakeholder are selected and gathered together through subjective assessment
of their influence and legitimacy. They are divided into three groups:
Local government - deputy mayor who is responsible for utility affairs, and principals of
several administrative offices (e.g. Office for Strategic Planning and Development, Office for
Finance, Office for Physical Planning, etc.);
Experts - civil engineering, transport engineering, environmental, and economics experts of
both academic and practical backgrounds;
Users - the representatives of city districts or similar city formations.
After the identification of stakeholders, goals, criteria, and weighting factors are defined. The
goal analysis is given in the form of hierarchical structure of goals and criteria. The criteria are
defined by local government and experts group, while criteria weights are determined by all
stakeholder groups. Using the AHP method (Saaty, 1982) and interviewing all stakeholders,
weights can easily be assigned through a group decision-making process. The decision-making
process of each stakeholder group must be repeated until consistency of each group’ criteria
weights determination is achieved. Furthermore, having determined the hierarchy of goals and
stakeholder groups, three scenarios are developed, while the final (fourth) scenario is
determined as the compromise opinion of all groups. Values of the compromise opinion are
introduced as weights for the SAW method, which is used to set priority of selected road
segments according to their improvement requirements. After the goal hierarchy is defined, all
segments are analyzed, and those with conditions that need to be improved are identified using
ANN. This way the condition assessment for all segments is provided within the study area.
Only those segments with the condition assessed as poor, unsuitable and worn-out are selected
for further analysis and priority-setting. Moreover, the segments are then ranked according to
defined criteria. The local-government representatives, as strategic decision-makers, assisted to
the group of experts in selecting the most convenient solution based on the present policies and
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multicriteria analysis. The selected solution establishes a strategic plan of the road infrastructure
segments conditions improvement. The proposed concept was tested on the road infrastructure
segments maintenance planning in the city of Split, Croatia.

Figure 1. Decision support to road infrastructure segments improvement.

3 Road Infrastructure Segments Improvement Planning
The city of Split is taken as a study area. It has a high concentration of public facilities and
pedestrian flows. There were 236 identified infrastructure segments, divided into 10 types:
street, street section, crossroad, garage, parking, bus station, bus terminal, petrol station,
overpass and tunnel. To evaluate each of the elements 13 criteria are defined. Each group of
stakeholders defined criteria in their field of expertise. These criteria are grouped in social,
technical, economic and ecologic group, as is shown in Table 1. Three scenarios are created,
one for each stakeholders’ groups and each for each scenario criteria weights are determined
using AHP method. Compromise scenario is calculated as average value of each criterion
weight by each scenario. Using compromise scenario, opinions of all three groups are equally
taken into account.
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Group of
criteria

Social

Technical

Economic

Ecologic

Table 1. Criteria definition with weights and scenarios.

Criteria name
Population
density
Density of
business
facilities
Area of
business
facilities
Density of
public facilities
Constructability
Fitting into
plans
Maintenancesegment
improvement
Functionality
improvement
The amount of
investment
The ability of
land buying
The existence
of investor
The amount of
noise
The amount of
combustion
gasses

Criteria
label

Scenario 1

Scenario 2

Scenario 3

Compromise
scenario

C1

0.05

0.03

0.06

0.05

C2

0.06

0.04

0.04

0.05

C3

0.04

0.01

0.02

0.03

C4

0.03

0.02

0.05

0.03

C5

0.06

0.09

0.08

0.08

C6

0.09

0.08

0.09

0.09

C7

0.10

0.12

0.08

0.10

C8

0.09

0.12

0.08

0.09

C9

0.08

0.10

0.11

0.10

C10

0.09

0.09

0.11

0.10

C11

0.09

0.09

0.10

0.09

C12

0.10

0.11

0.08

0.10

C13

0.11

0.11

0.10

0.10

Criterion C7 (Maintenance – segment improvement) is divided into four subcriteria: level of
service, safety, time period passed form the last renovation and stability. Using these four
subcriteria and methodology of ANN, the unique Condition Assessment Value (CAV) is
obtained. This value also presents an assessment of condition of segment.

4 Results
Using methodology of ANN, road-infrastructure segments in poor conditions are identified, by
including four input variables and only one output variable. The four input variables are four
criteria defined in previous section: level of service, safety, time period passed form the last
renovation and stability. This ANN is trained by the back-propagation algorithm using the
training set consisting of 200 cases, each case with four input variables (collected during the
monitoring cycle), and 200 output variables, provided by experts’ assessment. The output
variable is CAV. Input values for 236 segments are collected during the second monitoring
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cycle. Applying ANN methodology, conditions of segments are obtained. However, only
segments assessed as inadequate and poor were selected for further analysis. If the CAV is less
then 1, condition is classified as bad (0-worst condition, 1-the best condition). Segments with
CAV values are shown in Table 2. There are 18 segments with poor condition, and the best one
is segment Sg13 (crossroad), while the worst is Sg8 (street section).
Table 2. Road infrastructure segments with poor condition.

Infrastructure segment
Street section (Pojišanska1)
Street section (Pojišanska 2)
Crossroad (Pojišanska i Zvonimirova)
Street (Put Stinica)
Street section (Sukoišanska)
Crossroad (Meštrovićeva, Sustipanskog P. and
Ulica Dražanac)
Crossroad (Spinčićeva, Zajčeva and Put Firula)
Street section (Ulica slobode)
Garage (Varoš 4)
Crossroad (Hercegovačka, Put suplava and Put
stinica)
Crossroad (Sukoišanska and Starčevićeva)
Street section (Domovinskog rata)
Crossroad (Kavanjinova, Manđerova)
Garage (Spinut North 4)
Bus station (Pojišanska 2)
Garage (Lovret North 1)
Crossroad (Mažuranićevo Š., Dom. rata and
Gundulićeva)
Crossroad (Vukovarska, Bihaćka, Zagrebačka
and Dom. rata)

Label of segment
Sg1
Sg2
Sg3
Sg4
Sg5

CAV
0.458
0.634
0.556
0.543
0.687

Sg6

0.731

Sg7
Sg8
Sg9

0.476
0.437
0.489

Sg10

0.685

Sg11
Sg12
Sg13
Sg14
Sg15
Sg16

0.577
0.496
0.832
0.747
0.659
0.671

Sg17

0.681

Sg18

0.729

Table 3 shows the ranking of the infrastructure segments. Criteria weights values are calculate
from the compromise scenario. These weight values are then used in the SAW method.
Segments are evaluated by experts. Evaluations are normalized and transformed, and then SAW
is included in further process. All of 13 criteria are used for evaluation of 18 infrastructure
segments. Table 3 shows the ranking of 18 segments. The segment evaluation with higher score
value means that the segment is considered as prior to improvement. In this case segment Sg10
(76.87) has the highest value, while the Sg8 (25.88) has the lowest.
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Segment label
Sg1
Sg2
Sg3
Sg4
Sg5
Sg6
Sg7
Sg8
Sg9

Table 3. Ranking of segments.

Score Rank position Segment label
70.32
7.
Sg10
72.75
4.
Sg11
71.58
6.
Sg12
44.35
15.
Sg13
73.28
3.
Sg14
58.21
10.
Sg15
40.13
16.
Sg16
25.88
18.
Sg17
73.31
2.
Sg18

Score Rank position
76.87
1.
54.12
11.
49.16
14.
38.67
17.
66.57
8.
53.41
12.
63.18
9.
72.45
5.
49.82
13.

With proposed model of decision support, ranking list for the priority of improvement of
infrastructure segments is obtained as is shown in Table 3. Then local-government
representatives selected the most appropriate solution, according to the results of the ranking
and present policies. The selected solution must be in consent with financials available in the
budget of city of Split. Finally, eight top-ranked segments are included in the maintenance plan,
in the next investment period.

5 Conclusions
-

-

-

-

In this paper an approach of decision support for the road infrastructure segments
maintenance planning is proposed. With this approach, support to final decision maker,
in this case to local government of city of Split, can be very useful and practical,
especially in making decisions for the compound and ill-structured problem such is
maintenance planning of the road infrastructure segments. One of the main
characteristics of the approach is analysis of required data and selection of appropriate
methods.
The proposed approach is used for obtaining the priority ranking of the infrastructure
segments. Relevant stakeholders are identified and gathered together to determined
criteria that are used for segments evaluation. Stakeholders were divided into three
groups: local government, experts, and users, and were directly involved in the decisionmaking process, expressing their opinions through criteria weights, using AHP and
SAW method.
This approach is a combination of multicriteria analysis and ANN. Monitoring the
infrastructure segments using relevant criteria such are level of service, safety, time
period passed form the last renovation and stability, data were collected that were further
introduced into the ANN methodology. This way, condition evaluations of
infrastructure segments are obtained as values of CAV. Involving ANN methodology
as a knowledge-based system, substitution of experts can be achieved.
The presented approach of decision support is an adequate tool for decision makers in
the field of the improvement of maintenance planning of road-infrastructure segments.
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Abstract. Construction project costs often reach values higher than planned. Accuracy in project cost
estimation is one of the most important criteria for project success, even for its sustainability.
The main idea of this research is to examine the relationship between realized cost and contracted cost
values for residential buildings. The aim of the research is to determine the mathematical relationship
between realized and planned costs in the project implementation phase by using a few mathematical
methods and some machine learning methods in comparison to linear regression. This would enable
validation of methods themselves by comparing and evaluating the obtained relevant parameters.
Comparison would be performed on two levels, based on its general characteristics, as well as on the
results of their application on the basis of 24 building reconstructions and new buildings by comparing
the mean absolute percentage error (MAPE) and the determination coefficient (R2) using Predictive
Modelling Software DTREG (pronounced D-T-Reg). The relationship of realized and planned costs will
be determined for the building as a whole and for certain types of construction works. That relationship
would enable more realistic budget planning of similar future projects. Cost overrun factors will be
analysed for particular types of construction works, as well as the probability of their occurrence, and
what measures should be undertaken to prevent or reduce them in similar future projects. The
phenomenon known in project planning as "optimism bias" will be analysed in the context of research
focus of exceeding the construction cost.
Keywords: Building Construction, Contracted Cost, Realized Cost, Predictive Modelling Software,
Machine Learning.

1 Introduction
In the construction practice, the contracted construction cost overrun is a very common
occurrence, which is a very frequent and undesired situation. The goal is to avoid or minimize
cost overruns, which can be achieved by accurately estimating costs during project preparation,
before signing a construction contract. This can be achieved by using scientifically based
models obtained by applying adequate mathematical methods and by browsing the finished
projects database. In contrast, experience shows that costs are usually calculated by method of
unit price calculations and calculated quantities, but also estimated on a flat-rate basis, on the
basis of experience, that is, without adequate scientifically or experientially based budgets. This
often happens under deadline pressure as the cost information must be provided so that further
project activities can continue. Thus, inherent uncertainties and risks, which are characteristic
for all construction projects to a greater or lesser extent, are neglected, resulting in possible
generation of higher costs of those estimated in the project.

doi:10.23967/dbmc.2020.048
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Project cost estimation is a complex and challenging task, as evidenced by the cost overruns
of numerous projects all over the world (Flyvbjerg et al., 2002, Le-Hoai et al., 2008; Žujo,
2008, Le-Hoai and Lee, 2009, Car-Pušić and Radujković, 2009; Žujo et al., 2010,). Scientific
knowledge (Nikić, 1998, Radujković, 1999, Flyvbjerg et al., 2002, Žujo, 2008; Le-Hoai et.al.,
2008, Žujo et al., 2010; Car-Pušić and Radujković, 2009; Alshamrani, 2017, Petrusheva et al.,
2017, Juszczyk et al., 2018) and experience show that the successful cost estimation requires:
1. Monitoring and registering data on constructed structures
2. Sufficient information about the new project
3. Application of multiple assessment methods and selection of the most accurate one.
Due to the diversity of projects, numerous risks involved and the complexity of cost
estimation, researchers have often addressed this problem and developed a number of linear
regression models to analyze costs depending on different variables, e.g. construction time
(Žujo et al., 2010) structure type, building area, number of floors, floor height (Alshamrani,
2017), geotechnical and construction variables (Petroutsatou et al., 2006). Linear regression
models using construction time, which is the most common independent variable, as a predictor
(Žujo et al., 2010) could be considered an inverse problem compared to the well-known “timecost” (“TC”) model used in the 1960s and founded by Bromilow (1969). Although this
approach may be tempered by over-simplification because only one predictor is considered,
numerous further studies have been conducted, which resulted in establishing of countryspecific models, because the specific economic circumstances determine the parameters (Chan
and Kumaraswamy, 1999; A.P.C. Chan, 1999; Car-Pušić, 2004). In some studies, this model
has been used as the basis for the development of hybrid cost estimation models, which combine
regression and neural networks (Petrusheva et al., 2017; Petrusheva et al., 2019).
The application of artificial neural networks for cost estimation with one independent
variable, the construction time, has been researched by some authors (Petrusheva et al., 2017,
Juszczyk et al., 2018; Tijanić and Car-Pušić, 2019; Tijanić et al., 2019).
This research analyzes construction projects of building construction structures in a manner
deviation from the usual one (Mlađen, 2017). The relationship between the realized and
contracted costs is investigated. As these costs most often vary, the previous thesis is confirmed
stating that often flat-rate and superficial assessment without applying scientifically proven
methods and without considering the possible risks are employed. The difference in costs,
expressed relatively, is known in the literature as “optimism bias”. Available data are data on
contracted and realized cost values and data on years of construction/reconstruction (Mlađen,
2017). Different methods seek to obtain the most accurate estimation model for this type of
structure. Since these are the projects implemented in the territory of the Republic of Croatia in
the County of Istria, the model is best applied for future projects in the area. This methodology
can be applied to any type of facility and area. The cost difference obtained in this way can be
considered a risk response measure.

2 The Main Research Goals
The main research goal is to define relation between the real and the contracted investment cost
in building construction applying mathematical methods – linear regression and artificial neural
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networks. The goal is to identify the model that provides the most accurate cost estimate and
implementation guidelines.

3 Methodology
The set research hypothesis will be tested by applying linear regression and neural networks on
data on constructed or reconstructed structures and by comparing the model accuracy.
The conditions of application for the most accurate cost estimation model will be analyzed.
3.1 Research Hypothesys
The value of construction works in building construction (reconstructions and new
constructions) is not contracted in real terms, but usually below real values. The contracted
value of works is the total value of works from the accepted best offer, which is usually obtained
by method of unit price calculations and calculated quantities. The thesis is that the real value
of the works most often exceeds the contracted value. There is a dependence between these
values, which can be mathematically determined with satisfactory accuracy.

4 Research Methods, Data Base and Data Processing
Using the documentation review and analysis, data on contracted and realized prices of public
and private building construction structures (new construction, reconstruction and
rehabilitation), 24 in total, built on the territory of the County of Istria in the Republic of Croatia
were obtained. (Mlađen, 2017).The investments were realized in the period from 2006 to 2017.
The average overrun of the realized project values is 12.15%. The minimum overrun is 1.61%
and the maximum is 41.49%. The standard deviation is 11.87%.
Predictive Modelling Software DTREG is used for data processing and modelling, which
supports a wide range of models (regression models, decision trees for regression, neural
networks, support vector machine, etc.). The database must be an ASCII file in Comma
Separated Value (CSV) format with values for one case per row and one column for each
variable. One of the variables is the target variable, while one or more other variables are
predictors. DTREG analyzes the data and generates a model that gives the best estimate of the
target variable based on the available predictor values. The software allows you to select model
parameters from the multiple options offered. Moreover, the iteration offers the expected
optimal parameters (Sherrod, 2014). In this research, the target variable is the value of the real
construction cost CR, and the predictor is the value of the expected, planned and contracted
construction costs.
Considering the research goals and scientific hypothesis, the following methodological
procedure is applied:
1. Application of linear regression
2. Application of neural networks and Support Vector Machine (SVM) model
3. Comparison of results for the validation data, discussion, application proposal.
4.1 Linear Regression
First, the simple regression analysis method was applied as a common and simple, wellunderstood, widely used method (Sherrod, 2014), and the adequacy and accuracy of the model
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obtained was determined by appropriate indicators. The general form of the applied regression
function is:

4.1.1

(1)

𝑦𝑦 = 𝛽𝛽0 + 𝛽𝛽1 𝑥𝑥

Output generated for linear regression

The following parameters were obtained using simple regression analysis using DTREG
software:
Table 1. Results for linear regression.

Variable
CC
Constant

Coefficient
1.128
14.877,5

Std. Error
0.0137
1.532e+004

t
82.22
0.97

Prob.(t)
<0.00001
0.34209

The regression function is:
𝐶𝐶𝑅𝑅 = 1,128𝐶𝐶𝐶𝐶 + 14877,5

(2)

The t Statistic value is 82.22 with a probability <0.00001. The coefficient R2 as a proportion
of variance explained by the model is 0.98849 (98.849%). The correlation coefficient R
between actual and predicted values is 0.99684 (99.684%). Mean Absolute Percentage Error
(MAPE) is 13.824% for validation data.
4.2 Neural Networks and SVM Model
In an attempt to obtain a more accurate cost estimation model, i.e. a lower value of the MAPE
parameter, the next step includes the application of General Regression Neural Network
(GRNN), Radial Basis Function (RBF) and Support Vector Machine (SVM). These models
were selected because they are suitable for continuous variables and for smaller databases. The
Multilayer Perceptron (MLP) network has proven to be inappropriate due to too little data was
excluded from further consideration.
4.2.1

Output generated for GRNN, SVM, RBF

For all models, the expected optimal initial parameters provided by the software were used.
For GRNN, the Gaussian kernel function was applied, σ values were calculated for each
predictor variable (min σ 0,0001 and max σ 10, with 20 search steps) and Leave One Out (LOO)
validation method of evaluating σ values during the optimization process was used. Each
training model is built with all training rows except one and then, the error was evaluated. This
was repeated for all rows, and the error was averaged (Sherrod, 2014).
The model has been reduced to 7 neurons when the minimum error occurred. Despite the
small number of retained neurons, the reduction of neurons should be performed because it
significantly contributes to the accuracy of the model. In this case, the MAPE was reduced from
75.488% to 35.130%. The coefficients R2 and R are shown in Table 2.
The initially defined type of SVM model Epsilon-SVR model was used for the SVM.
Another possible option is the V-SVR model. The differences that may arise are small and the
other model has not been applied. Radial Basis Function (RBF) has been implemented as the
kernel function, which in most cases produces the best results. Kernel function transforms the
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input data into an n-dimensional space where a hyperplane can be constructed to partition the
data (Sherrod, 2014). The optimal approximation linear function will be obtained in the new
space (Petrusheva et al., 2017).
Using the RBF, the SVM model generates the RBF network architecture. The difference is
in the number and position of nodes. At SVM, their position is on the support vectors (Sherrod,
2014). 24 support vectors are used by the model.
Model validation is performed by Cross validation method with 10 cross-validation folds.
At SVM, low values were obtained for R and R2 as well as for MAPE 14.814% (Table 2).
After three iterations, the three-neuron RBF network gave the best result of 10.976% for
MAPE, but lower values of R2 and R (Table 2). The Cross validation method with 10 crossvalidation folds was also applied as the validation method.
Table 2. Results for linear regression and neural networks for source data.

Parameter
R2
R
MAPE /%/

LR
0.988
0.997
13.824

GRNN
0.605
0.919
35.130

SVM
0.345
0.644
14.814

RBF
0.556
0.796
10.976

4.3 Application of Input Variable Natural Algorithms
Following the time-cost model, the following model is assumed:
(3)

𝐶𝐶𝑅𝑅 = 𝐸𝐸 × 𝐶𝐶𝐶𝐶𝐹𝐹

𝐶𝐶𝑅𝑅 = realized price
𝐶𝐶𝐶𝐶 = contracted price
𝐸𝐸 = model parameter that shows the average real price for monetary value construction
𝐹𝐹 = model parameter that shows real cost dependence of contracted cost changes

The model can be expressed as a logarithm to obtain the following form:

It means:

4.3.1

𝑙𝑙𝑙𝑙𝐶𝐶𝑅𝑅 = 𝑙𝑙𝑙𝑙𝑙𝑙 + 𝐹𝐹𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶

(4)

𝑙𝑙𝑙𝑙𝑙𝑙
𝐸𝐸

(5)

= 𝛽𝛽0
}
= 𝑒𝑒 𝛽𝛽0

(6)

𝐹𝐹 = 𝛽𝛽1

Output generated for linear regression for logharitmized data

The natural logarithms of CC predictors and the target variables CR were calculated. Applying
regression analysis on natural logarithms using DTREG software, the following parameters
were obtained:
Table 3. Results for linear regression.

Variable
lnCC
Constant β0

Coefficient β1
1.03367
0.0700096

Std. Error
0.0165
0.02752

t
62.64
2.54

Prob.(t)
<0.00001
0.01849
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Using the information in the previous table (Table 3), the regression function reads:
(7)

𝑙𝑙𝑙𝑙𝐶𝐶𝑅𝑅 = 0,07 + 1,03367𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶
𝑙𝑙𝑙𝑙𝑙𝑙 = 0,07
𝐸𝐸 = 1,07

𝐹𝐹 = 1,03367

The model which is obtained is:

(8)

𝐶𝐶𝑅𝑅 = 1,07 ∙ 𝐶𝐶𝐶𝐶1,03367

The value of t Statistic is 62.64 with a probability of p (t) <0.00001. The values of R2 and R
are 0.993 and 0.997 respectively. These values confirm the regression dependence. The MAPE
is 11.816%. (Table 4).
4.3.2

Output generated for GRNN, SVM, RBF for logharitmized data

The Gaussian kernel function was applied for GRNN, σ values were calculated for each
predictor variable (min σ 0.0001 and max σ 10, with 20 search steps) and Leave one out (LOO)
validation method was used. The model has been reduced to 18 neurons when the minimum
error occurred. In this case, the MAPE is 12.291%. The coefficients R2 and R are shown in
Table 4.
After four iterations, the three-neuron RBF network earns the MAPE value of 23.810%, and
the R2 and R values shown in Table 4. As a validation method, the Cross validation method
with 10 cross-validation folds was also applied.
The initially defined Epsilon-SVR model was used for the SVM. Radial Basis Function
(RBF) was applied as the kernel function. 24 support vectors are used by the model. Model
validation was performed by Cross validation method with 10 cross-validation folds.
Table 4. Results for linear regression and neural networks for logharitmized data.

Parameter
R2
R
MAPE /%/

LR
0.993
0.997
11.816

GRNN
0.962
0.985
12.291

SVM
0.995
0.997
6.469

RBF
0.693
0.839
23.810

MAPE is 6.469 %, R2 and R values are 0.995 and 0.997 respectively. By applying the SVM
model to logarithmic values, the lowest model error value is obtained.

5

Discussion of Results

By applying the linear regression model to the original data, a MAPE of 13.824% was obtained.
In order to obtain a more accurate cost estimation model, the neural network models GRNN
and RBF and the SVM model were applied. RBF gives a more favorable MAPE of 10.976%.
By applying the linear regression and RBF, GRNN and SVM to the natural logarithms of
the input data (following the Bromilow “time-cost” model), (Bromilow, 1969) the lowest
MAPE was obtained using SVM. The MAPE is 6.469%. Compared to the lowest MAPE
obtained by processing the original data, this one is lower by 4.507%.
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6

Conclusions
-

-

-

The real costs of new constructions and reconstructions of structures in building
construction field often exceed contracted values. The accepted tender price, obtained
from the bill of quantities and unit prices (CC) is taken as the contracted price. The aim
of the research was to obtain a model that accurately defines the functional dependence
of the real price CR and the planned price CC. Thus obtained real price should be taken
as the contract price. This would reduce the risk of the contract price being exceeded.
Although the database consists of a relatively small amount of data, the possibility of
applying linear regression models, neural networks and SVM models to estimate the
real cost of construction and reconstruction of high-rise buildings is presented. These
models were applied to the original values CR and CC as well as to the values of natural
logarithms. Namely, following the Bromilow “time-cost” model, the model 𝐶𝐶𝑅𝑅 = 𝐸𝐸 × 𝐶𝐶𝐶𝐶𝐹𝐹
was established and tested. By expressing it in logarithms, the linear regression function
is obtained.
By applying linear regression and neural networks to the values of the natural logarithms
of the variables, it was found that more accurate results can be obtained compared to
models with original data. The best results, i.e. the lowest MAPE of 6.469%, are
obtained by the SVM model applied to natural logarithm values of the predictor and the
target variable.
Despite the small database, the obtained insight could be relevant to solving the real cost
prediction problem when working with larger databases. The results should also be
investigated for civil engineering databases.
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Abstract. Life-cycle management of urban road networks as a part of an urban system is a very complex
process from the management standpoint of social, technical and economic aspects. The complexity and
multidisciplinarity of such a problem suggest the need for using soft computing tools as well as multicriteria analysis and group decision-making. Recently, there is a significant increase in using various
soft computing tools, especially neural networks, for different prediction purposes in the field of road
construction planning and management. Along with known advantages of such a prediction method, yet
some applications showed the shortcomings. In that sense, the focus of this research is on possible
applications of neural networks related to the life-cycle phases during the management of urban road
projects. This is done in both horizontal (projects’ life-cycle phases) and vertical (hierarchical decisionmaking levels) approach. The final aim of the research is to compare and highlight the possible
applications of neural networks as a prediction tool and support for decision-making in urban road
management.
Keywords: Decision Support, Neural Networks, Project Management, Strategic Planning.

1 Introduction
Urban development and management especially the management of urban road networks, as a
part of the urban infrastructure system, is a highly complex process from the management
standpoint of social, technical and economic aspects. The development of urban road
infrastructure is an integral part of any urban expansion processes and often considered as a
dominant transport asset. The World Road Association (2014) reported that the average length
of public roads in OECD countries is more than 500,000 km with a strong tendency of
increasing, and is often the largest publicly owned national asset. Therefore, in urban areas
where road infrastructure covers over 20% of the whole city area (Deluka-Tibljaš et al., 2013)
it’s quality and strategic development directly influence the citizens’ quality of life (Hanak et
al., 2014). Developing management practices that effectively integrate the processes of urban
infrastructure management is a challenging goal that many cities are struggling with nowadays,
but is an important necessity to achieve desired long-term sustainability.
Public management of urban road networks is a highly complex and socially sensitive as the
city governments encounter different problems during the decision-making phase when it is
necessary to find a solution that would meet the requirements of all stakeholders. All solutions
must be strategically aligned and be a part of the desired development concept. Initially, the
different views are provided by stakeholders and experts regarding the scope, scale, and
potential solutions. Such happens during the whole life-cycle of the urban road network as each
municipality has a certain annual budget for its construction, maintenance, and remedial
activities. Therefore, planning activities altogether with project prioritization emerges as one of
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the most important and most difficult issues to be resolved.
The evaluation of such investments requires explicit consideration of multiple, conflicting
and incommensurate criteria that have an important social, economic, and environmental
influence on various stakeholders in different ways (Jajac et al., 2015). The complexity and
multidisciplinarity of such a problem suggest the need for using soft computing tools, such as
artificial neural networks (ANN), as well as multi-criteria analysis and various decision-making
methods. The use of ANNs in solving pavement engineering problems and road management
has a long history as well. Since the 1990s, ANNs have been frequently used for solving various
complex problems, mostly for operational purposes, such as automatic pavement evaluation
(Kaseko and Ritchie, 1993), pavement performance prediction (Banan and Hjelmstad, 1996),
rutting (Simpson et al., 1995), and maintenance (Fwa and Chan, 1993). A very few stressed out
the importance and possibilities of their application in decision-making processes as a part of a
decision support system i.e. DSS (Turban, 1993; Turban and Aronson, 1995).
In the 2000s, researchers followed the scientific contribution from previous decade and
enhance the efficacy of ANNs in assisting asphalt mixture design and evaluation (Sundin and
Braban-Ledoux, 2002; Yang et al., 2003; Tarefder et al., 2005; Ceylan et al., 2007; Terzi, 2007;
Commuri and Zaman, 2008; Ozsahin and Oruc, 2008; Tapkin et al., 2009; Tušar and Novi,
2009). All these aspects were evolved to efficiently solve technical problems that occur on the
operational management levels. A very few gave another insight of ANNs to be used on higher
management levels such as tactical and strategic. Researches such as Loia et al. (2000),
Quintero et al. (2005), Šelih et al. (2008), and Jajac et al. (2009) can be highlighted as the one
where ANNs were used for solving problems on both tactical and strategic management levels
based upon Turban’s DSS concept. Such approach bloomed in 2010s when more and more
researchers very efficiently applied ANNs for solving structured problems that occur on
operational level (Gesoglu et al., 2010; Xiao et al., 2010; Ozgan, 2011; Ciresan et al., 2012;
Singh et al., 2013; Ozturk and Kutay, 2014; Zavratnik et al., 2016; Androji and Marovi, 2017;
Zhang et al., 2018; Gong et al., 2019) as well as for solving semi-structured and unstructured
problems that occur on tactical and strategic levels as a part of various DSS’es (Durduran, 2010;
Coutinho-Rodrigues et al., 2011; Dahal et al., 2013; Du et al., 2014; Jajac et al., 2014; Jajac et
al., 2015; Han et al., 2016; Marovi et al., 2018).
The main objective of this paper is to summarize the findings of up-to-date research articles
concerning the application of artificial intelligence, specifically neural networks, related to the
life-cycle phases during the management of urban road networks as a part of an urban system.
Some of the other objectives were also assessed, such as to: (i) identify specific problems that
are solved by the aid of neural networks during life-cycle management of urban road networks,
(ii) evaluate and highlight the possible applications of neural networks as a prediction tool and
support for decision-making on different management levels.

2 Systematic Review
Studies about neural networks and urban infrastructure management, especially road networks,
were surveyed. The review reflects on papers published in peer-reviewed journals preferably
articles and review papers. Researches related to neural networks in managing urban road
networks published from 2000 to 2019 was reviewed. The survey was conducted using selected
keywords (artificial neural network, decision support, infrastructure, multi-criteria analysis, and
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road management) that resulted in 1703 publications (1014 in Web of Science and 689 in
Scopus) which were selected by the following criteria: year of publication (from year 2000);
document type (only journal articles were taken into consideration); repetitions (duplicate
between Web of Science and Scopus); and relevance and relation to the topic. This resulted in
73 selected articles. The number of publications considered in this paper and their
corresponding year of publication is summarized in Figure 1. Only the papers that solely
highlight the use of ANNs for solving various structured problems (operational level) and/or
various semi-structured and unstructured problems (tactical and strategic level) are referred to.

Figure 1. Number of publications and corresponding year of publication.

Collected data (Figure 1) shows the increasing interest and published papers on this topic by
the research community from 2013 until now. Such is more evident regarding Web of Science
than the Scopus database. For 2019, it should be noted that other papers may appear in the
databases during October 2019 and later.

3 Urban Infrastructure Management
Life-cycle management of urban road networks, in general, can be seen through the interaction
of horizontal and vertical aspects of urban road management (Figure 2) to achieve previously
defined sustainable goals. The horizontal aspect takes into account the project management
approach through four cyclically connected phases (e.g. initiation, planning, execution, and
closure phase) thus represent the life-cycle phases. These phases do not change whether the
project is managed traditionally or agile. Sure, it is obvious that projects do not appear and are
not managed solely horizontally. Therefore, a vertical management component should not be
forgotten and must be considered with all the difficulties that it brings. Such is observed
throughout the vertical aspect of urban road management that takes into account the hierarchical
management levels (operational, tactical and strategic).
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Figure 2. The horizontal and vertical aspects of urban road management.

The first management level supports decision-makers at the lowest operational management
level. Besides its general function of supporting decision-making processes at the operational level,
it is a meeting point of data and information where the problems are well defined and structured.
This management level exclusively deals with structured problems that can be characterized as
specified, detailed and narrow, clearly scheduled and internal. Additionally, it provides information
flows towards higher decision levels (arrow 1 in Figure 2). A circular arrow between two
management levels symbolizes interactions between the levels for purposes of solving specific
problems. The decision-makers at the second management level (i.e., tactical management level)
deal with less-defined i.e. semi-structured problems and unstructured problems. At this level,
tactical decisions are delivered, and it is a place where information basis and solutions are created.
Problems that occur on this level can be characterized as broader than on lower level but still very
focused and specified, clearly scheduled and internal. Based on applied models and methods, it
gives alternatives and a basis for future decisions on the strategic management level (arrow 2 in
Figure 2), which deals with even less-defined and unstructured problems. At the third management
level, based on the expert deliverables from the tactical level, future development of the system is
carried out. Strategies are formed, and they serve as frameworks for lower decision and
management levels (arrows 3 and 4 in Figure 2). Problems that occur on this level are general and
with a broad scope, both internal and external, and often ad hoc.
Depending on the management level and type of the occurred problem, various tools and
methods could be used such as soft computing tools (for example, ANNs) as well as multicriteria analysis and group decision-making. Many authors have studied possibilities for
generating decision support tools for urban infrastructure management that convergence toward
some type of decision framework is more or less similar to a basic DSS structure. According to
Turban (1993; 1995), DSS’s basic structure consists of three modules: database, model base,
and dialog. In 2005, Quintero et al. introduced an improved DSS named IDSS (Intelligent
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Decision Support System) as a solution for the future needs of urban infrastructure
management. Later, Jajac et al. (2009) introduced the new architecture of DSS for urban
infrastructure management that places the management levels in the core of the DSS structure.
Such provided that the interactions between DSS modules are realized through decision-making
processes at all management levels, which serve as meeting points of adequate models (from
the model base) and data (from the database). The new architecture provided that complex and
sensitive decision-making processes can be correctly supported if appropriate methods and data
are properly organized and used. Gudac et al. (2014) highlighted the utter importance when
decisions must be quickly made based upon real-time information, while Tijani et al. (2019)
proposed ANN based models to accurately estimate road construction costs.
3.1 Application of Neural Networks at the Operational Management Level
During the years various researches made a significant contribution with ANNs to efficiently
solve technical problems that occur on the operational management levels in managing urban
road networks. They were mostly focused on various asphalt mixtures and predictions of their
properties during material production as well as during the exploitation period when the
mixtures became part of the road network. In that sense, Xiao and Amirkhanian (2009) explored
the application of ANN in predicting the stiffness behavior of asphalt mixtures and reported
that the ANNs are more effective in predicting the fatigue life of the mixture than the traditional
models. Ceylan et al. (2007) also reported the higher prediction accuracy of ANN compared to
the existing regression models. Tušar and Novi (2009) analyzed the impact of various factors
by using several models, multiple linear regression (MLR), partial least squares regression
(PLS) and artificial neural networks (ANN), in the prediction process of the monitored hot mix
asphalt properties. They reported that the use of MLR and PLS models show a better predictive
ability that the ANN models. In 2016, Zavratnik et al. (2016) showed the application of ANN
and MLR in the process of forecasting air void content with different used parameters on 5
types of asphalt mixtures. The authors concluded that the use of MLR models is better than
ANN in the prediction of certain mixtures, but such is not the case for all asphalt mixtures
together. In 2019, Androji and Marovi developed ANN and MLR models to predict the hot
mix asphalt properties (air void and binder content) produced in a laboratory. The performed
research on 6 types of asphalt mixtures indicates that it is possible and desirable to apply neural
networks in the prediction process of the required properties of hot mix asphalt, wherein it is
necessary to use a substantial set of input data. Gong et al. (2019) approach the fatigue cracking
prediction problem in pavements by using the highly flexible ANNs through the deep learning
framework. They reported that the difference between prediction performances of fatigue
cracking transfer function concerning the proposed framework is 30% in favor of ANNs.
3.2 Application of Neural Networks at the Tactical Management Level
To improve conditions of road elements, as a part of sustainable development of the road
infrastructure in the city of Split, Jajac et al. (2015) introduced the ANN that was trained and
tested on road infrastructure data that come out of 236 city’s road projects during the two years.
Only road elements with insufficient conditions were assessed, while four network input
variables were used: level of service (LOS), safety, savings on vehicle maintenance, and
maintenance quality. In 2018, based on the decision support concept (Jajac et al., 2009),
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Marovi et al. showed that complex and sensitive decision-making processes, such as the ones
for road maintenance planning, can correctly be supported if appropriate methods and data are
properly organized and used. They designed and developed an ANN model to achieve a
successful prediction of road deterioration as a tool for maintenance planning activities.
Recently with drastic improvements in computing capacity, fast optimization algorithms, and
new network topology enabled researchers to explore considerably more complex models such
as crack detection on asphalt surfaces (Zhang et al., 2018) during maintenance phases, and to
actively estimate and manage cost overruns (Tijani et al., 2019). Also, there is a strong
tendency for optimizing ANNs for the evaluation of asphalt pavement structural performance
(Bosurgi et al., 2019) to improve the efficiency of pavement management systems.
3.3 Application of Neural Networks at the Strategic Management Level
The use of ANNs for solving problems at the strategic management level is closely connected
with the ones previously stated at the tactical management level. It is important to note that at
this management level ANN is used as one of the models out of the model base of the DSS for
urban infrastructure management as a core management framework. This is the management
level where all project phases are strategically managed. A specific decision support concept
focused on the planning phase was proposed by Jajac et al. (2014), as a part of the decision
support framework for the management of urban transport projects (Jajac et al., 2015). Marovi
et al. (2018) highlighted the importance of the maintenance planning aspect of DSS that is based
on real-time collected and processed data by the means of ANN. As road management is a
spatial problem, Coutinho-Rodrigues et al. (2011) proposed a spatial DSS where they highlight
the importance of implementing Geographic Information Systems (GIS) for planning and
decision-making purposes. Such is helpful not only for a static view of road networks, such as
planning and maintenance activities but also could provide additional dynamic benefits such as
traffic accidents (Durduran, 2010), all as a part of sustainable urban infrastructure management
framework (Torres-Machi et al., 2018).

4 Conclusions
This paper has presented a literature review concerning the applications of neural networks in
managing urban road networks. In recent years, an understanding and application of neural
networks have been significantly increased as they have been applied in a variety of matters.
The conducted literature review gave insight in ways that the neural networks have been used
in different life-cycle phases during the management of urban road networks for solving
structured, technical problems that occur on the operational management levels, but also as one
of the methods for solving semi-structured and unstructured problems that occur on tactical and
strategic levels as a part of various decision support systems.
At the operational level, neural networks are mostly used for predictions of various asphalt
mixtures properties during material production as well as during the exploitation period when
the mixtures became part of the road network. At tactical and strategic levels, neural networks
are often used as one of the methods for improving conditions or road elements, maintenance
planning activities, projects prioritization, all as a part of a decision support framework.
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Abstract. This paper presents a systematic way to consider the uncertainties of the building elements’
service lives within a stochastic framework, by defining the corresponding probability density functions,
based on a service life database. This methodology is appropriate for screening and detailed building
LCA, since the service life database offers the possibility to define the probability density functions of
the service lives, in different level of details.
Keywords: Service Life, Screening and Detailed LCA, Uncertainty, Global Sensitivity Analysis.

1 Introduction
Designing sustainable buildings consists a key issue in order to reduce the environmental
impacts of the building sector. It is important, thus, to identify the stages of the building life
cycle and consequently the materials that are the main contributors to the building’s e.g.
greenhouse gas emissions. The evaluation of the environmental impacts is performed using the
LCA methodology, which can successfully define the direct and indirect environmental impacts
of products, goods, services and consequently buildings.
According to EN-15978:2011 (SN EN 15978:2011, 2011) the conventional life cycle stages
of a building are the production and construction stage (A1-A3 and A4-A5, respectively), the
use stage with the maintenance (B2), replacement (B4), operational energy (B6), water use (B7)
and other processes, as well as the disposal at the end of life (C1-C4). Performing a building
LCA is followed by many assumptions for several of the parameters included in the different
LCA stages. Consequently, reliability and consistency issues derive from the uncertainty and
variability of the input data, as already discussed in Huijebregts (Huijbregts, 1998).
One important parameter that contributes to the replacement stage (module B4) of a building
LCA is the service life of the building elements. Different studies have shown that the service
life calculation is governed by high uncertainty, as summarized in Grant (Grant, 2010), since it
is influenced by a variety of uncertain factors, not necessarily technical, which cannot be
defined objectively. Cooper (Cooper, 2004) summarizes different studies that identified
parameters, such as ‘the design, the technological change, the cost of repair and the availability
of parts, the household affluence, the residual and resale values, the aesthetic and the functional
quality, fashion, advertising and social pressure’, among the ones that influence the service
life.
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Furthermore, another uncertainty of the building elements’ service life is linked to
insufficient information, concerning the material choices, during the early design stages of the
building process. The LCA in the early design stages can be used as a comparative tool for
choosing the most sustainable building concept and lately, there is an increasing interest of the
scientific community to conduct a building LCA in the early design stages (Azzouz et al., 2017;
Cavalliere et al., 2018). However, the significant uncertainty in this design stage restricts the
use of LCA calculations, (Röck et al., 2018). Thus, LCA is generally applied in late design
stages, when possible changes in the building design are not economically cost effective
(Hollberg and Ruth, 2016).
A systematic way to consider the uncertainties (technical and other) in LCA is by using a
stochastic approach. Hence, reliability issues in LCA calculations can be mitigated. Treating
probabilistically the service lives has been already proposed by Aktas (Aktas and Bilec, 2012),
Pannier (Pannier et al., 2018) and Hoxha (Hoxha et al., 2014). However, Aktas used only a
limited number of materials, while the latter (Pannier and Hoxha) defined the probability
density function, based on theoretical assumptions.
In this study, the service life of building elements is considered stochastically in order to
include their uncertainty in the whole building LCA result and consequently enhance our
confidence in the latter. The probability density functions of the service lives of building
elements were defined with a consistent way, using input data from an international data
collection. Finally, it was examined how the uncertainty of the LCA result can be allocated to
the different sources (different building elements) of the input uncertainty using a sensitivity
analysis (Saltelli, 2004).

2 Methodology
The general probabilistic framework, followed in the current study, has been already proposed
by Padey (Padey et al., 2013) and Cucurachi (Cucurachi et al, 2016). It consists of the following
four steps: (1) definition of the LCA model, (2) determination of the probability density
function (PDF) of the building elements’ service life, (3) uncertainty analysis and (4) sensitivity
analysis.
The building LCA model was calculated, using Eq. 1. The environmental impact of the
materials and technical systems (𝐿𝐿𝐿𝐿𝐿𝐿������������� and 𝐿𝐿𝐿𝐿𝐿𝐿�������� ) were calculated for the
greenhouse gas (GHG) emissions, using the KBOB database (Frischknecht and Büsser Knöpfel,
2013). The environmental impact of the operational energy was based on heating demand
calculations according to SIA 380/1:2016 (SIA 380/1:2016, 2016), while the efficiency factor
for heating and DHW was based on SIA 2040 (SIA 2040, 2017) and the impact values of the
energy carrier were calculated using the KBOB database.
LCAtot=LCAManufacturing+LCAReplacement+LCADisposal+LCAOperational Energy

(1)

The LCA of the replacement stage, was calculated, using Eq. 2,
LCAReplacement=(LCAManufacturing+ LCADisposal)*k

(2)

Where, k is the replacement rate that defines the number of replacements that occurs during
the reference study period of the building. It was calculated for each building element, as a
fractional number, according to SIA 2032 (SIA 2032, 2010), as shown in Eq. 3,
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(3)

k=(RSP/SL)-1

Where, RSP is the reference study period of the building, i.e. 60 years, according to SN EN
15978 (SN EN 15978:2011, 2011) and SL is the service life of the building element in years.
The probability density functions of the building elements were derived with a systematic
way, from the DUREE Database, using a lognormal distribution (Goulouti et al., 2020). This
database includes international service life data from different sources. The database was
structured, using the building decomposition of the Swiss construction costs, classified
according to the Swiss Standard, i.e. eBKP-H – SN 506 511 (CRB, 2012). This building
decomposition includes five main construction categories, i.e. structural work (C), technical
systems (D), façade elements and coatings (E), roof elements (F) and internal layout (G). These
main categories are further decomposed into two sub-categories, according to the SN 506511
nomenclature (e.g. the intermediate element level and the detailed element level). Five more
sub-categories were added to this decomposition, in order to cover lower levels for more
detailed components. Consequently, the service lives of the building elements can be assigned
either to the main categories for screening LCA, or to the sub-categories in order to proceed to
a detailed LCA. Table 1 presents the main categories and some of the subcategories of the
database that were considered to the current study, as well.
Table 1. Building decomposition and building elements considered in the study.
SN 506511 element types considered in the study
C. Structural work
D. Technical systems
D1. Electrical installations
D5. Heating system

D5.2 Heat production
D5.2d Solar collector system
D5.3 Heat distribution
D5.4 Heat emission
D7. Ventilation and AC systems
D8. Sanitary equipment
E. Facade elements and coatings
E2. External wall coatings
E2.2 Compact facade
E2.3 Ventilated facade
E3. Windows, doors
E3.1 Windows
F. Roof elements
F1. Covering
F1.2 Flat roof
F1.3 Sloping roof
G. Interior layouts
G1. Partition walls, doors
G2. Flooring
G3. Wall coverings
G4. Ceiling coverings

Screening
LCA
60 years
X

X

Detailed
LCA
60 years
X
X
X
X
X
X
X
X
X

X

X

X
X
X
X
X
X
X

After the definition of the model and the identification of the input distributions, the
uncertainty analysis followed and 40’000 Monte Carlo simulations were computed, in order to
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achieve convergence. Based on these simulations, the Probability Density Function (PDF) of
the LCA was calculated. In addition, a sensitivity analysis was conducted in order to define the
building elements whose service life uncertainty mostly influences the LCA output. The
variance-based global sensitivity analysis was chosen, which decomposes the variance of the
model (LCA) into fractions, that can be attributed to the inputs, here the building elements
(Saltelli, 2004). This method is used in order to rank variables, fix unessential variables and
decrease problem dimensionality (Kucherenko and Song, 2017), (Sobol′, 2001). Hence, the first
and the total Sobol’ Indices (main and total effect, respectively) were calculated, which
represent the unique contribution of the parameters or the joint one with other parameters,
respectively.

3 Results

0.8
0.2
0.0

0.02
0.00

Main Effect
Total Effect

0.6

Sobol' Indices

0.08
0.04

0.06

PDF

0.10

0.12

DUREE DB
SIA 2032
CRB - min
CRB - mean
CRB - max

0.4

0.14

1.0

The methodology was applied to a building case study that represents a single family house
(SFH) in Switzerland and its energy performance level complies with the SIA 380/1 Swiss
Standard (SIA 380/1:2016, 2016). The case study was decomposed according to Table 1 for the
screening LCA and the service lives of the building elements were attributed to the main group
categories. The uncertainty analysis was conducted and the probabilistic LCA was calculated
for the GHG emissions [expressed in kg CO���� /�m� y�]. Figure 1(left) presents the PDF of
the probabilistic LCA [� � 23.20 kg CO���� /�m� y�, (𝜎𝜎 � � 5.5� )], along with the
deterministic LCA of the SIA 2032 [19.2 kg CO2-eq/(m2y)] and CRB [min=28.1 kg CO22
2
2
eq/(m y), mean=18.9 kg CO2-eq/(m y) and max= 15.1 kg CO2-eq/(m y)]. The three CRB values
(min – mean – max) correspond to the minimum, mean and maximum service lives, which
mean maximum, mean and minimum replacement rates, respectively. Furthermore, the 95%
confidence interval of the mean is narrow [� � 23.22 kg CO���� /�m� y� � 0.05], revealing
the accuracy of the simulations. The most probable value of the LCA, i.e., the mode of the
distribution, i.e. 𝑥𝑥� � 20 kg CO���� /�m� y� is slightly higher than the deterministic SIA 2032
and CRB–mean (4% and 6% respectively).

10

20
30
40
2
GHG emissions [kg CO2eq/(m y)]

50

D

E

F

G

Building Elements

Figure 1. PDF of the probabilistic LCA (left) and Sobol’ Indices for the screening LCA (right – D: Technical
systems, E: Façade coatings, F: Roof elements, G: Interior layout).
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Figure 1 (right) presents the sensitivity indices, which show the building elements whose
uncertainty mostly influences the LCA uncertainty. Both the first order index (main effect)
along with the total index (total effect, which includes the interactions between the parameters)
are plotted. It is found that the individual effects and not the interactions among the building
elements, explain the LCA uncertainty. This result proves that the initial hypothesis, according
to which the replacement of a specific element does not interact with another element’s
replacement is valid. Furthermore, in order to verify the accuracy of the indices, a bootstrapping
with 500 replicates was used (Archer, Saltelli and Sobol, 1997). The 95% confidence intervals
of the indices remained narrow (e.g. for the G2 category, S�� � 0.38 � 0.05) and of the same
magnitude. Hence, we can be sure about their order, which determines the elements, with the
highest impact on the LCA uncertainty (Cucurachi et al., 2016). It can be concluded, that the E
(façade) and G (interior finishes) building elements have the highest impact on the LCA
uncertainty. The result is quite straightforward, since the LCA uncertainty is mostly influenced
by the building elements that have the highest environmental impact (first the external façade
��
�
– E and then the interior finishes – G) and the highest coefficients of variation, (𝑐𝑐𝑐𝑐� �
����
1.2 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐� � 1.4� of the replacement rate probability distribution.

4 Discussion

As already mentioned the results of the sensitivity analysis can be used in order to rank the
unimportant variables and thus simplify the model. The Sobol’ Indices revealed that the service
life uncertainty of the façade elements and the interior finishes have higher influence on the
probabilistic LCA. On the contrary, the uncertainty on the service lives of the technical systems
and the roof elements have no influence on the uncertainty of the building LCA. Thus, in further
screening LCA, the service lives of the technical systems and the roof elements can be treated
deterministically, by using current data from the standards. However, the prevailing Sobol’
Indices of the façade elements and the interior finishes indicate that special attention is needed
for determining their service life. This result derived, also, by the fact that different building
components and layers are grouped together.
Hence, in order to explore the influence of the level of details of the building decomposition,
a detailed LCA was conducted for which the service lives of the building elements were
attributed in lower level of details, as it is shown in Table 1. Figure 2 presents the main and the
total effects for this decomposition. The same validation procedure was followed, concerning
the order of the indices, as already described. It is derived that, for this level of details too, the
individual effects and not the interactions among the building elements explain the LCA
uncertainty. The uncertainty of the LCA, expressed in GHG emissions can be mainly explained
by five building elements, i.e. the E2.2 (compact façade), E3.1 (windows), F1.3 (sloping roof),
G2 (flooring) and G3 (wall covering). Among the elements with the highest GHG emissions
(first E2.2, followed by F1.3 and G2), it is the replacement rate of G2 that presents the highest
coefficient of variation (𝑐𝑐𝑐𝑐 � 1.25), followed by E2.2, (𝑐𝑐𝑐𝑐 � 1.01), and F1.3 (𝑐𝑐𝑐𝑐 � 0.98). The
E3.1 and G3 building elements, present lower GHG emissions than F1.3, but the coefficient of
variation of their replacement rate is more significant, which explains the higher relative
sensitivity indices. The Sobol’ Indices of the technical systems are found to be close to zero,
proving that their service live uncertainty does not affect the GHG emissions uncertainty.
The same conclusions, concerning the service lives of the technical systems were derived
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1.0

both by the screening and detailed LCA. However, as far as the roof elements are concerned,
they exhibited a higher impact on the detailed LCA uncertainty, than in the screening LCA. In
addition, by decomposing the building using a lower level of details, it can be seen that there is
a prioritization concerning the façade elements and the interior finishes.

0.6
0.4

G4

G3

G2

G1

F1.3

E3.1

E2.3

E2.2

D8

D7

D5.4

D5.3

D.1

D5.2

0.0

0.2

Sobol' Indices

0.8

Main Effect
Total Effect

Building Elements

Names of building elements
D1. Electrical installations
D5.2 Heat production
D5.3 Heat distribution
D5.4 Heat diffusion

D7. Ventilation
D8. Sanitary installations
E2.2 Compact façade
E2.3 Ventilated façade

E3.1 Windows
F1.3 Sloping roof
G1. Internal partitions
G2. Flooring

G3. Wall coverings
G4. Ceiling coverings

Figure 2. Sobol’ Indices for the detailed LCA.

5 Conclusions
The current study presented a systematic way to treat probabilistically the replacement rate of
the building elements and quantified the impact of the service lives’ uncertainty on the LCA
output. The main outcomes and recommendations derived are the following:
- A screening and a detailed LCA was conducted using the DUREE service life database.
The results of the sensitivity analyses were similar. The façade elements and the interior
layout explain mainly the LCA uncertainty;
- The screening and the detailed LCA revealed that the uncertainty of the technical
systems service lives (D building element) present low impact on the LCA uncertainty.
In further probabilistic LCA analysis, the LCA model could be simplified and
conventional deterministic values from the standards (SIA 2032, CRB) could be used
for this building element, instead;
- By conducting a detailed LCA, if a threshold is defined at 0.10 for the Sobol’ Indices,
only five building elements out of fourteen are the most influential on the LCA
uncertainty, i.e. E2.2 (compact façade), the E3.1 (windows), the F1.3 (sloping roof), the
G2 (flooring) and G3 (wall covering). This means that special attention should be given
when defining the service lives for these element types in further LCA calculations.
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Abstract. Wastewater treatment plants (WWTP) are complex and dynamic systems whose
management and sustainability can be improved by using different modelling and prediction
approaches of their work. A machine learning tool for development of model trees was used in this
paper in order to develop a model for chemical oxygen demand (COD) in the wastewater effluent from
the WWTP with activated sludge to increase its sustainability and helps in its management purposes.
Measured data, both in influent and effluent of the WWTP were used for modelling. For the COD
model, machine learning tool Weka and algorithm for development of model trees M5P were used.
Obtained model has a high descriptive power and correlation coefficient and thus can be used for
prediction and modelling purposes, which can help in management and sustainability of the WWTP.
Also, the purpose of this paper is to show the benefits of using machine learning tools for developing
WWTP models.
Keywords: Wastewater Treatment Plant, Machine Learning, Model Trees, Function of Sustainability,
Management.

1 Introduction
There is a need for wastewater treatment plants (WWTP) to adapt to a rise in water and
energy demands, prolonged periods of droughts, climate variability, and resource scarcity
(Cornejo 2015).
As population increases, minimizing the carbon and energy footprints of wastewater
treatment, while properly managing nutrients (mainly nitrogen and phosphorous) is crucial to
improving the sustainability of WWTP. Integrated resource recovery can also mitigate the
environmental impact of wastewater treatment systems, however, mitigation potentially
depends on various factors such as: a) treatment technology, b) resource recovery strategy,
and c) size of system (Cornejo 2015).
Today, the biological treatment of wastewater with activated sludge is one of the most
widely used technological processes in WWTP, because of its capabilities, economy and
efficiency. The two main components of this process are aeration basin, e.g. the bioreactor
and the secondary clarifier (Henze et al., 2002).
Biological treatment of wastewater consists of complex physical, chemical and biological
processes through which organic matter, nitrogen and phosphorus are removed from the
wastewater. Successful wastewater treatment requires appropriate concentrations and
conditions for the growth of microorganisms that must be achieved in the bioreactor (Henze et
al., 2002).
Due to the complexity and sensitivity of the treatment process, it is difficult to
continuously maintain optimal operating conditions within the WWTP. Because of this,
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modelling becomes very useful tool that is often used to simulate and control the operation of
the WWTP. Mathematical models (e.g, Activated Sludge Models (ASM), IWA task group,
2000) are commonly used to model WWTP. In this paper, machine learning tool Weka
(Witten and Frank, 2000), e.g. the algorithm M5P for induction of model trees, is used to
model the WWTP e.g. chemical oxygen demand (COD) concentration in the effluent of the
WWTP.
Today, various tools and methods are used to model WWTP, such as, for example,
statistical models (Čurlin et al., 2008; Dürrenmatt and Gujer 2011; Razifa et al., 2014), expert
systems (Dürrenmatt and Gujer 2011; Baeza et al., 1999; Roda et al., 1999), knowledge-based
approaches (Comas et al., 2003), neural networks (Dürrenmatt and Gujer 2011; Belanche et
al., 1999; Zhao et al., 1999; Hong et al., 2015; Mjalli et al., 2007), hybrid approaches
(Sànches-Marré et al., 1996; Grieu et al., 2005; Picioreanu et al., 2004; Picioreanu et al.,
2003) and various types of machine learning (Dürrenmatt and Gujer 2011; Hong et al., 2015;
Comas et al., 2001; Atanasova and Kompare 2002; Kompare et al., 2006; Manu et al., 2017).
The purpose of the model obtained with the use of machine learning tools in this paper is
to model the concentration of COD in the effluent of the WWTP. The value of the COD in the
effluent is considered as the best indicator for operation quality for the WWTP, i.e. residual
organic loads, which also indicated the efficiency of the treatment process (Čurlin et al., 2008;
Henze et al., 2002; Tchobanoglous et al., 2003). For this reason, the variable specified is
defined as the observed parameter, which best indicates the state of the process in the WWTP,
and also, the variable whose dynamics the machine learning tool wants to explain and predict.
Using the given model, it would be possible to predict the values of the COD concentration,
and if it is greater than the limit value prescribed by Ordinance on emission of limit values for
wastewaters (2016), a rapid response would be possible which would then ensure its reduction
to an acceptable level (Čurlin et al., 2008).
Except the modelling the COD concentration in the effluent from the WWTP with machine
learning, the aim of this paper is to demonstrate also some of the advantages and capabilities
of machine learning tools.

2 Materials and Methods
2.1 Description of the WWTP
Modeled WWTP is a second stage WWTP, with size of 9,500 population equivalent (PE).
The WWTP on the water line consists of mechanical pretreatment and second stage treatment
of wastewater (Figure 1). Mechanical pretreatment consists of a coarse, fine screens and
aerated grit chamber. The second stage of treatment consists of selectors, aeration basins and
secondary clarifiers.
The flow of water on the WWTP is: first, the wastewater enters a channel in which are
located coarse and fine screens, after which the wastewater goes to the aerated grit chamber.
The water is then transported to the selector, where the selection of microorganisms (contact
of biomass with wastewater) takes place. After selector water is then transported to aeration
basins (bioreactors), where biological treatment with activated sludge takes place. Finally, the
mixture of water and activated sludge is transported to secondary clarifiers, where the
activated sludge floccules are deposited and treated water is discharged into the recipient (sea)

656

Goran Volf

through a submarine outlet. Part of the deposited sludge from secondary clarifiers is returned
back to the selector or aeration basin in order to maintain the required concentration of
activated sludge for successful biological treatment of the process in aeration basins.

Figure 1. Water line for the WWTP.

2.2

Database

The data used for the modelling (see Table 1) were measured in influent and effluent of the
WWTP. The data are presented as mean values through one day, that is, one record in the
database represents the one-day situation of the WWTP operation. The database consists of
total 718 situations (days).
To supplement the missing data in the total data set, the cubic spline method of
interpolation between the measured values was used.
Table 1. Measured data at WWTP uded for modeling.

Data
Qin
Qout
Tout
CODin
CODout
NH4-Nin

Description
Influent flow
Effluent flow
Effluent temperature
Influent Chemical
Oxygen Demand
EffluentChemical
Oxygen Demand
Influent Ammonium

Unit
m3/s
m3/s
0
C
mg/l
mg/l
mg/l

3 Machine Learning; Regression and Model Trees
While the simple linear regression calculates one equation (one weighing vector) for the entire
data set, piecewise or tree-structured regression divides the data set into several subsets on
which uniform class value or linear equation can be applied. The division to subsets is based
on tests of the values of the input attributes which are put as nodes in a regression or model
tree.
Thus, regression trees are hierarchical structures composed of nodes and branches, where
the internal nodes contain tests on the input attributes. Each branch of an internal test
corresponds to an outcome of the test and the predictions for the values of the target variable
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(the class) are stored in the leaves which are the terminal nodes in the tree. If the leafs contain
a single value for the class prediction, then we are talking about simple regression trees, while
if a linear equation is used for prediction in the leaf, we are talking of model trees (Quinlan,
1992, Witten and Frank, 2000). Figure 2 illustrates the procedure of constructing regression
and model trees.
For the experiment, a variation of the M5 algorithm was used, called M5P, implemented in
the software package WEKA (Witten and Frank, 2000).
AT1< 10
= YES
TARGET = 1.54

DATA SET (EXAMPLES)

AT1
AT2
AT3
…
3.67 8.500 0.005 …
4.15 7.207 0.005 …
5.32 8.357 0.011 …
7.80 7.929 0.005 …
8.11 7.096 0.005 …
9.36 7.804 0.005 …
10.87 6.018 0.005 …
11.10 7.400 0.006 …
10.23 5.457 0.011 …
8.39 5.486 0.014 …
7.42 5.486 0.013 …
4.06 8.307 0.005 …
…
…
…
…

= NO

TARGET
(CLASS)
2.133
2.601
3.718
3.481
1.791
1.128
1.471
1.521
0.869
0.535
1.034
1.636
…

AT2 < 0.011
= NO

= YES

induction of
regression tree

induction of
model tree

TARGET = 3.4

TARGET = 5

= YES
TARGET = 0.2*AT1
+3*AT2+4*AT3

AT1< 10
= NO
AT2 < 0.011
= YES

TARGET = 0.01*AT1
+0*AT2+5*AT3

= NO
TARGET==YES
2*AT1
+0.4*AT2+0*AT3

internal nodes
leaves, where the target variable is predicted

Figure 2. Induction of regression and model trees from given data set (examples).

4 Experiment Setup
The experiment was designed to produce a model of the COD concentration in the effluent of
the WWTP. The COD concentration in the effluent was therefore set as the dependent
variable, while the flow (Q), COD concentration, ammonium (NH4-N) and total suspended
solids (SS) in the influent of the WWTP were set as independent variables.

5 Results and Discussion
The purpose of the model obtained with machine learning tools, in this case model trees, is to
predict the change in COD concentration in the effluent of the WWTP, using the measured
variables in the influent of the WWTP. From the given data set (Table 1), a model of the COD
concentration in the effluent of the WWTP was created (Figure 3). The model consists of a
total 6 nodes and 7 leaves, which contains the values of the variables measured in the influent
of the WWTP (see Table 1). Each leaf contains one equation to calculate the COD
concentration in the effluent of the WWTP, depending on the structure of the tree itself. The
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equations in the individual tree leaves are shown in Table 2. The correlation coefficient R for
the obtained model using cross validation method is 0.64.

Figure 3. Obtained model for COD concentration.
Table 2. Model equations for COD concentration.

Equation
number
1
2
3
4
5
6
7

Equation
CODout=-0,0088*Qin + 0,0954*CODin-1,0529*NH4Nin0,0215*SSin+45,669
CODout=-0,0049*Qin+0,038*CODin-0,1132*NH4Nin0,0172*SSin+20,0079
CODout=-0,0006*Qin+0,0016*CODin-0,0016*NH4Nin0,0153*SSin+20,1564
CODout=-0,0006*Qin+0,0016*CODin-0,0034*NH4Nin0,0153*SSin+23,1117
CODout=-0,0009*Qin +0,0046*CODin+0,1559*NH4Nin0,0957*SSin+24,0748
CODout =-0,0009*Qin+0,0046*CODin+0,1559*NH4Nin0,0818*SSin+17,0162
CODout=-0,0009*Qin+0,005*CODin+1,3378*NH4Nin0,3479*SSin-7,1299

To predict the COD concentration in the effluent of the WWTP, it is necessary to select
from the model shown in Figure 3 the appropriate linear equation depending on the values of
the individual attributes in the tree nodes. From Figure 3 can be seen that the COD
concentration in the effluent depends mostly on the COD concentration at the inflow (initial
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node), then SS and NH4-N, while the flow (Q) do not appear in the tree at all, but only in
single leaves equations. Interpreting the model results, the larger COD values in the effluent
are given by the right side of the model tree, that is, the tree shown in Figure 3, and the
smaller values by the left side of the model tree. Therefore, lower values of COD
concentration in the effluent are associated with nodes in which SS and NH4N are located,
while the higher values are associated with nodes in which COD and SS are located.
A comparison of the time series of measured and modeled COD concentration values can
be seen in Figure 5. From Figure 5, can also be seen a good adaptation of the measured and
modeled COD concentration values, and also by visual inspection it can be concluded that the
peak points values are satisfactorily matched.

Figure 4. Time series comparison of measured and modeled values of COD concentrations in the effluent.

The results of the experiment show that it is useful to use different approaches when
modeling WWTP. As for any method of modeling which use measured data, it is essential
that the database consists of sufficiently different situations from which, in this case a
machine learning algorithm can learn to predict a dependent variable. Also, for better model
results, it would be useful to have more measured parameters in the influent of the WWTP
affecting the dependent variable, such as water temperature, pH, chloride concentration (if it
is a WWTP in the coastal area such as discussed in this paper), sludge age, sludge return,
dissolved oxygen concentration in the aeration bioreactor, food to mass ratio (F/M), etc.,
which over a longer period can have a greater and significant impact on the COD
concentrations (Henze et al., 2002). Therefore, as the database used in this paper contains
relatively few input parameters, a more accurate prediction of the COD concentrations from
the WWTP cannot be expected. However, the resulting model behaves as expected and
produces satisfactory results.
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7 Conclusions
Use of machine learning tools to create model from database, in this case model trees have
been successfully applied to model WWTP, that is, the COD concentration in the effluent of
the WWTP which can help in management and sustainability of the modeled WWTP.
Obtained model is simple, understandable, and relatively accurate in predicting COD
concentrations in the effluent of the WWTP. Before starting modelling procedure, it is
important to note that the database contains the actual attribute values and that it has
information about the time when the data was collected so that the dynamics of the system
being modeled can be incorporated into the model.
Therefore, some of the advantages of using machine learning tools in modeling can be
marked, firstly, the construction of descriptive, or white box models, which make it much
easier to interpret the obtained models. Models are more comprehensible, thus providing
insight into their functioning, that is, the functioning of the modeled system.
Also, it is especially important to emphasize the use of machine learning tools for simpler
and more efficient management and sustainability of the WWTP, as shown in this paper.
Future work is recommended to focus on increasing the database so that model accuracy
can be increased and other parameters such as nutrients, e.g. nitrogen and phosphorus can be
modeled with the enlarged database, where properly managing of nutrients is crucial to
improving the sustainability of the WWTP. Thus, new links and patterns among the data could
be revealed.
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Abstract. Product installation during the construction process impacts the overall performance and
durability of a building. However, when the building construction industry fails to address installation
quality the product performance is affected. This research explores the importance of optimized product
installation and how it affects product performance. During the installation period, standard product
performance can be affected by the information known about the product and the amount of time put into
the assembly of the product. The building products can vary from insulation, A/C units, water heaters, etc.
An installers’ workmanship can impact standard product performance if they have limited knowledge
about the product and its operational functionality. The products’ prescribed functionality could be altered
due to less than standardized installation practices. Improper installation of a product can lead to major
deviations in performance that can increase maintenance costs over the lifetime of the product in addition
to adverse effects of the product during its normal life cycle. Labor sensitivity is an underrepresented
aspect of building construction that contributes to the problem of energy inefficiency. The goal of this work
is to develop a metric that can quantify how relatively sensitive a building product and overall building
performance is to the efforts of time and knowledge, specifically during the installation process. From
this metric, the impact of installation on performance for different products can be compared through
numerical values, highlighting products that require special care during the installation process to ensure
desired performance.

Keywords: Building Performance, Sustainability, Product Installation, Installation Cost.

1 Introduction
In terms of product performance there are theoretical and practical benchmarks in place to
evaluate standard operation and procedures. Manufacturers design a product with certain
achievement expectations in mind during the product development process. Before production
begins, prototypes are designed with the goal of meeting this desired performance set forth by the
manufacturer. As Murthy and Rausand (2008) has classified that the prototype specifications are
manipulated and changed until the desired performance is reached by the product. Essentially, the
performance set by the manufacturer becomes the expected level of performance the product
should reach after its usage. A perspective to consider when analyzing overall building
performance, “achieving the expected performance requires that the factors
that the design concept is based on fulfils certain standards and are within expected ranges.
Hagentoft (2017) suggest that these factors could for instance be workmanship, interior and
exterior climate, maintenance and/or material properties.
There are several factors that contribute to inefficient building performance, we intend to focus
on the impact of workmanship during the installation process. Individual product performance
and energy usages contribute to the overall performance and efficiency of the building.
Considering this approach to building performance leads us to focus on individual products and
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how their performances measure on smaller scales within the performance gap. Frei (2017)
considers the term “Performance Gap” used to denote deviations between a buildings’ planned
and actual performances. Comparatively so, the previous definition of a building performance gap
is the framework for the gap between the actual and individual product performances; the
expected performance would not be met if it varies from the actual performance. In this paper we
focused on building products that are extremely sensitive to performance issues that occurred
during the installation process as a result of workmanship.
Most specialized products and their installation within a building is dependent upon the
workmanship of skilled laborers. Some of the products include HVAC systems and heat pumps,
which are particularly susceptible to poor performance due to installation errors. Residential heat
pump installations and the vocational education of technicians have a dynamic impact on the
successfulness of the job completed by the installer. As Gleeson (2016) stated, the lack of broader
educational content and deficiencies in engineering knowledge will have profound negative
impacts on both the performance and market acceptance of heat pumps. Domanski (2014)
conducted a sensitivity analysis on heap pump installation faults and its skewed performance as a
result in five different climatic zones. Simulations were run for faults including duct leakage and
refrigerant undercharge to determine the effects on energy performance. The study concluded that
installation faults could be responsible for a 30% increase in energy usage. The findings in this
study can be further validated by the energy reports from the American Council for Energy
Efficient Economy. According to the ACEEE (2018), energy savings from high efficiency air
conditioners and heat pumps can be negated by a 20-40% loss in energy efficiency due to poor
installation. Additional performances of other building products were reviewed to contribute to
the argument of unsatisfactory workmanship affecting standard functionality. According to
Langmans (2017), the insulation installed in building cavity walls provides a thermal barrier for
reducing energy consumption. A performance analysis of these building components illustrated
that the thermal performance of especially rigid board insulated cavity walls were highly
depending on the installation quality of the insulation layer.
The product used as an example throughout this framework is building insulation. Zero Carbon
Hub (2014) acknowledged that faulty installation of insulation is the main contributor to the
building performance gap. In their study, two groups of houses were constructed to simulate good
and bad workmanship to measure the impacts. Some of the test houses were constructed carefully
in a manner that could be described as good workmanship while others were constructed in such
a way as to mimic poor workmanship…features associated with poor workmanship could in some
cases cause the U-value to rise by as much as 310%. Other investigations related to similar issues
performed by Doran (2008) included a thermographic test and visual inspection which found that
the quality of installation of insulation can be very important. Essentially areas where insulation
is poorly fitted can incur high levels of heat loss. From these results it can be concluded that the
poor installation can be a contributor to poor product performance.

2 Methods
The proposed framework emphasizes the effects of installation and its importance for reducing
energy consumption. Continual reduction of energy consumption will result in lower cost
throughout the lifetime of the product. The overall goal of this paper is to produce a Probabilistic
Investment Return (PIR) that includes cost and energy performance of any given product.
Consumers can gain an understanding of how the installation cost of a product and its energy
savings per year combined can provide information on how it will pay for itself over a span of
time. The PIR is based on the installation and performance aspects of building products. In Figure
1, the development of this end goal is displayed in a concept map.
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Figure 1. Probabilistic Investment Return Flow Map.

The proposed performance metric is based on the cost of installation and its potential energy
savings. The Probabilistic Investment Return value is representative of the return on an investment
of any given product in regard to its performance and installation cost. Apart from the installation
process, this section will discuss how performance can be used to the estimate the returns on
product investments. This figure is a representation of the developmental process and breakdown
of each section in the overall framework.
The methods provided in this framework consider the difficulty of installation, variance in
product performance, energy consumption as a result of performance, and a resulting probabilistic
investment return. A conceptual map reflects the process of how each part within the
developmental process of the PIR value was considered in the overall framework. A graphical
representation of how an installer’s performance is dependent on their contributions of time and
knowledge is presented in Graph 1, representing a trade-off between an installer’s knowledge and
time spent on installation in relation to how a product performs.

Figure 2. Product Performance Curve.

The above graphic is an example of the performance output of various products throughout a
building system. Whether the product is a HVAC unit, heat pump, or roof/wall insulation there
are apparent sensitivities to the installation process which require both time and knowledge. The
time variable of this analysis was defined to be highly fluctuating due to the innate behavior of
the installation process. There is no definite maximum on the time scale to measure the installation
time. Depending on the installers’ knowledge level different products will require varying time
allotments to complete the installation. For this reason, time was treated as a relative variable that
could be applied to all products. Knowledge proves to be more difficult to classify when
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considering unskilled and skilled persons. This framework focuses on the comprehensive ability
of an installer based on their knowledge and experience, so it requires a scale to measure that
ability. In the UK, the NVQs, or national vocational qualifications, consists of a system for
understanding vocational skill sets in terms of a ranking system. Gann and Senker (1998) suggest
that different qualification levels can be met through performance-based assessments of
vocational skills within specialized fields. A ranking system was developed in Table 1 for an
individual to place themselves on the knowledge scale. Intuitively, an installer would have a better
gauge of their experience and to what extent it can be applied. The scale is also a rubric to help
categorize and differentiate between areas of workmanship and understanding, which helps
defines an individual’s competency level.

Table 1. Installer Knowledge Level Conditions.

Guo et. al., (2012) determined a knowledge worker’s human capital scale to include the
dimensions of education, work experience, learning ability, and training. The Knowledge Score
(K) represents an individual’s knowledge within a product installation context.

3 Installation Metric
The graphical representation presented above provides a visual understanding of the relationship
between time, knowledge, and performance, but a metric is desired in order to fully understand
the magnitude of the relationships. The metric proposed comes in two parts which together
describe the installation effort and the variability in that effort.
Metric = Area under Performance Curve
Area =

!!"# "!!$%
!!"#

X 100%

(1)

The first portion is determined from the area underneath the performance curve. Each unique
product will have its own curve and therefore its own area. In this case, the area is a combination
of time and knowledge which together are a representation of the effort required to reach expected
performance. In order to perform the installation, the installer spends the necessary amount of
time put forth time during the installation process. This time can be considered a portion of the
effort required to install the product. The second contributor to this effort comes from the
installer’s knowledge level. To have met their current knowledge level, an installer must have
invested in their understanding, training, and experience. Products which require the installation
be completed by knowledgeable installers are considered effort intensive in terms of its
underlying training and experience required to complete the process. The combination of time
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and knowledge required to perform an installation describe the overall effort of installing the
product.
The second portion of the metric intends to describe the variation in time and knowledge across
the performance curve. A ratio is created by subtracting the minimum installation time from the
maximum installation time and then dividing by the max installation time. This percentage gives
an indicator of how much time and knowledge vary in relation to performance. From this
percentage we can gain insight on the installation of a product. If this value is high, then the time
required for a knowledgeable installer to perform the installation will be significantly less when
compared to an unknowledgeable installer. If the percentage is low, then an installer with a high
knowledge level will not receive a significant decrease in installation time when compared to
unknowledgeable installer. This would indicate that the installation may take a similar amount of
‘effort’ in terms of time for all knowledge levels. This is particularly useful when determining
who should install a product. Installers with greater knowledge levels typically have a higher
hourly wage due to their experience and skill. An individual may choose to hire an installer with
minimum knowledge if they can pay them less money but still have the job done correctly and on
time. Generally, this percentage provides a depiction of the shape and steepness of the curve from
start to finish. Both values can provide information on the visualization of the graph. For example,
the area represents the space under the curve in units of time and knowledge combined (K-hrs).
The percentage represents the time differential between the highest and lowest recorded times
throughout the data. Both parameters are essential for providing the bounds of the graph. An
example is provided below.

Figure 3. Installation Analysis of Two Performance Curves.

The two graphs shown in Figure 3 above represent possible curves for a product installation.
Notably, both curves have a similar area meaning that on average, their installations require
similar effort. However, the second graph has a 75% change in time while the first graph has a
20% change in time. This portion of the metric represents the variability of the installation effort
across the performance curve. The graph with a 20% change in time is less variable across the
curve. An installer with minimal knowledge would not spend a significant amount of time more
on the installation than an installer with maximum knowledge. On the other hand, the graph with
a 75% change in time has a greater variability in effort across the performance curve. An installer
with maximum knowledge will take a significantly less amount of time to perform the installation
than an installer with minimum knowledge.

4 Installation Cost
This framework also seeks to understand the costs associated with installation and performance;
the installation analysis curve can be adapted to reflect installation costs. Because the knowledge
and skills of a laborer are often reflected in their hourly pay, the knowledge scale on the x-axis is

673

Jalaycia O. Hughes and Simon Pallin

adapted to represent hourly wages of installers. From this change, the cost of installation can be
determined.
In Figure 3, the current performance curve is a representation of either the data collected
through sampling installations or from the manufacturer questionnaire. The individual data points
are a combination of the laborer’s wage, 𝑊𝑊! , and the installation time 𝑇𝑇" . Together these can
provide the total installation cost for each installation, 𝐶𝐶" . Each individual installation will have
its own cost depending on the labor hired to perform the installation. This cost adaptation can then
be used to find the current average installation cost for the product being analyzed.

Figure 4. Cost Analysis of Installation.
$

Installation Cost ($) = Installation Time (hr) x Labor Wage ( )
𝐶𝐶' = 𝑇𝑇' x 𝑊𝑊(

%&

(2)

5 Probabilistic Investment Return

Together, the cost of installation, the cost of the product, and the energy savings for a performance
level can provide a general return on investment in terms of years required for the product to pay
for itself. We describe this in terms of Probabilistic Investment Return or PIR. The cost of each
installation along with the product material cost is then divided by the yearly energy savings of
each performance to determine the number of years required to break even on the investment.
This is represented as
PIR =

where

𝑃𝑃(𝐶𝐶' ) + 𝐶𝐶)
𝐶𝐶* ∙ 𝑃𝑃(∆ 𝜉𝜉)

𝑃𝑃(𝐶𝐶' ) = 𝑃𝑃(𝑇𝑇' ∗ 𝐶𝐶+ ); 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ($)
𝑇𝑇' = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (ℎ𝑟𝑟𝑟𝑟)

$
𝐶𝐶+ = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 ( )
ℎ𝑟𝑟
𝐶𝐶) : 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ($)

𝐶𝐶* : 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (

$

,-.×0&

)

𝑃𝑃(∆ 𝜉𝜉): 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (BTU)
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6 Conclusion
Throughout this research, we have provided evidence that specialized building products such as
HVAC systems and heat pumps are impacted by installation. More specifically, the installers’
knowledge is related to how well the product performs. Poor installation of products can result in
energy waste in regard to the entire building and its envelope. We have provided a framework for
analyzing the impact of installation building performance and its corresponding energy and cost
factors. These methods have quantified the contributions of installers to performance levels, the
extent of product performance gaps, and the probabilistic return on investment for installing a
product. These efforts can then be considered a framework for a holistic understanding of the
product installation process and its far-reaching effects on building performance. From this
framework, products can be evaluated on an installation basis to determine their effects on
building performance and to move toward overall reduced energy consumption in current
buildings, retrofit projects, and future constructions.
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Abstract. The paper deals with the first results of the activities of BIG Building Innovative Governance
srl, Academic Spin-Off and Innovative Start Up, which provides smart services for Building
Maintenance and Facility Management also launching circular R&D actions in the relative reference
areas. The contribution introduces some actions actually in progress geared to upgrading the
Maintenance Management Model, M3, specifically aimed at managing the life cycle of buildings.
The current stage of development corresponds to a TRL 4. TRL 8 is that expected by the end of 2020.
Characterized by interconnectivity and scalability, the Maintenance Management Model is a dynamic,
collaborative and implementable system, whose architecture consists of three separated but strongly
interconnected devices: an information interface system, a collaborative platform, a remote cloud. An
ICT network infrastructure able to activate using BIM models (IFC and COBie standards) circular
information workflows between all operators and/or users involved in Maintenance and Facility
Management processes. It allows the development and/or implementation of information management
and sharing models based on Open Data and Semantic Web. Its use will also promote shared lexicons
and the circulation of knowledge within a holistic process of managing information from and for
Maintenance. The use of BIM models and the possibility of collecting and managing a large amount of
data will be oriented to the structuring of information feedback databases according to ISO 15686
guidelines. In this way, available information can be usefully transferred in life cycle assessments and
service life prediction of materials and components.
Keywords: Facility Management, Information System, Maintenance Management Model,
Operation&Maintenance, Service Life Planning.

1 Introduction
BIG srl is a spin-off of the Mediterranean University of Reggio Calabria, as well as an
enterprise registered in the list of innovative Startups.
It operates in the field of technological innovation exploiting, in line with the operational
trend of Industry 4.0 and the potentials of Information Communication Technology, ICT; also
provides Innovative Integrated Services characterized by technical-scientific nature and high
technological value oriented to the construction market and in particular to the Facility
Management, FM; develops R&D actions in the sectors focused on Smart Building and Smart
Cities drivers. To implement its mission, it assumes as central the interactions between
technological capital (infrastructure and technology), human capital (researchers, companies,
professionals, users, etc.), administration (institutions, universities, managers, etc.) and real
estate (public and/or private heritage).
BIG srl is currently engaged in the experimentation of an innovative governance system for
real estate assets, Maintenance Management Model, M3.

doi:10.23967/dbmc.2020.001
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The service offered through the proposed Maintenance Management Model answer for a
primary need of the construction sector as well as of the research one: to increase the
effectiveness, efficiency, circulation of information and communication between the operators
involved in the management and operation & maintenance practices whose activities
presuppose multidisciplinary approaches and great structured data availability.
This primary need is today perceived as immanent criticality for the construction sector. Its
effects are felt with concern by technicians and workers, and at the same time, shape a crucial
issue that manifests itself in all its severity due to the unexpectedly increasing costs - economic
and social – connected with the lack of maintenance of infrastructures, buildings and plants.
(World Economic Forum, 2016)
O&M operating and maintenance costs, which are generally neglected during the design
phase, generally amount to more than half of the total costs of the building's life cycle (BecerikGerber et al., 2012). However, more and more often they represent cost items linked to the
inefficiency of choices in the design phase or to mistakes made during the construction phase.
The authors of the paper are among the founders of BIG srl and have been working on the
issue for a long time in the scientific and academic field. (Lauria, 2003, Azzalin et al. 2005,
Lauria and Azzalin, 2006, Azzalin, 2007, Lauria and Azzalin, 2007, Lauria at al. 2015, Lauria
and Azzalin, 2019, Azzalin, 2019)
In addition to the skills of each founding members, BIG srl avails itself of the expertise
recognized to the two industrial partners:
- ACCA software S.p.A. (Https://www.acca.it). Established in 1989, the company is today
the Italian leader in the construction software market and a reference point for the sector.
For BIG srl provides its expertise and its products with reference to the management of
databases, information security, information systems through the implementation and use
of collaborative platforms for maintenance and Facility Management purposes.
- BimCo (https://www.bim-co.com), an innovative Startup Enterprise specialized in the use
of IT methods and tools for interoperability such as BIM, Building Information Modeling.
For BIG srl, BimCo provides the skills related to the production, implementation and
management of digital models.

2 Background
The service life and management of a building in its life cycle always combines the terms
"costs", "efficiency", "maintainability" and "sustainability" with the planning activity. In this
context, Facility Management is defined as an integrated approach oriented to the operation,
maintenance, improvement and adaptation of real estate and infrastructure in order to meet the
primary objectives of the occupants, owners and managers (Atkin and Brooks, 2009).
Its importance and relevance, assumed by BIG srl as a corporate policy, refers to and is
framed, in numerous regulatory actions, scientific research, market trends, both internationally
and nationally. The FM involves a relevant field of interest, requires numerous data and
information and presupposes multidisciplinary approaches.
The available information and data, whether they concern new or existing construction, are
almost never structured to be effectively used in the O&M activities, and not sufficient.
In practice, inefficiencies, disconnected processes and different degrees of dysfunction
correspond to this gap.
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In the recent past, and even today, data and information for FM are organized and managed
by Computerized Maintenance Management System and Computer Aided Facility
Management (CMMS and CAFM), Electronic Document Management Systems (EDMS),
Building Automation Systems (BAS), etc.
However, these processes are subject to errors (Becerik-Gerber et al., 2012).
Today, in general, in the face of still limited use of open standards for structuring and transfer
of information, the specific need for open systems and standardized data libraries and
specifically declined is added (BIFM, 2012). The availability of open standards, Industrial
Foundation Classes, IFC (ISO 16739-1:2018) and data specifications, Construction Operations
Building information exchange (COBie-NBIMS-US-V3.4:2015), the diffusion of Building
Information Modeling (BIM) methodologies and the adaptation of legacy systems represent the
new frontier for the research and standardization challenges. (Kassem et al., 2015a). Several
countries, including the United Kingdom in the first place, have introduced and prescribed the
use of interoperability tools based on open data, open standards (IFC) and data specifications
(COBie) as formats and information exchange methods between the project delivery phases and
the use phase of the building (Kassem et al., 2013).
As part of the aforementioned policies, in the United Kingdom the PAS 1192-3:2014
standard (BSI 2014a) is a reference for the structuring of data aimed at the management phase.
It introduced an information management methodology based on openBIM standards and data
specifications (COBie) connected with BS 8544:2013 (BSI 2013), relating to life cycle costs
during the maintenance phase of buildings.
Currently, BuildingSMART deals with the open standards (BIM, IFC and COBie) with the
aim of defining languages shared between the various operators and for each of the phases of
the building process and the life cycle of the assets. (Atkin and Brooks, 2009).
Further research areas concern the COBie data exchange (Cabinet Office, 2012) for which
the British industrial standard BS 1192-4:2014 (BSI 2014b) is the reference.
IFC and COBie are also employed in the context of standardization actions relating to
Service Life Planning, ISO 15686 Series. In this sense ISO 15686-4:2014 is a specific reference.
The standard proposes "IFC property sets" (IFC4) to support service life planning, including
information on the durability of materials, semi-finished products and components. Moreover,
the factors that affect durability as introduced in ISO 15686-2:2012, environmental impacts in
ISO 15686-6:2004 (at now withdrawn), and Life Cycle Costing (LCC) according to the contents
of ISO 15686-5:2017. This thus confirms a strong interrelationship between the LCC
assessments, the costs in the usage phase of the building and the decision-making processes
aimed at optimizing the Operation & Maintenance phase (Fu et al., 2007, BSRIA, 2009). In
other words, in a general context of life cycle management, the BIM based interoperability
systems based on open data (IFC standards and COBie) can provide the information needed for
planning, execution and management of maintenance actions allowing this information to be
structured and kept in an organized management system (CIC, 2012). This system, which can
be implemented and accessed over time, will be both a repository and a source of feedback
information available at the design stage (Volk et al., 2014).
In short, the essential background introduced above and, more specifically, OpenBIM for FM,
the interactions between IFC and COBie and their applications for the management of FM
processes and the service life planning (Maxwell, 2005, Kassem et al., 2015b) configure the
assumptions from which the R&D actions of BIG srl and the Upgrading of M3 start.
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3 Upgrading M3
Currently the upgrade of the Maintenance Management Model, M3 specifically aimed at
managing the life cycle of buildings is being implemented thanks to a public financing from the
Calabria Region according to the Public Call of POR Calabria ERDF 2014/2020 Action 1.4.1
Support for the creation of innovative micro-enterprises Startup and Spinoff of research.
M3 is aimed at the assistance and smart accompaniment for building maintenance and real
estate assets Facility Management activities.
Developed starting from a PhD research (Melchini, 2015), the subsequent definition and
implementation of M3 has received significant validation resulting in being the winner and
finalist of some contests for innovative business ideas (Coopstartup Calabria Ricomincio da T
(r)E, 2016; StartcupCalabria, 2016, national finalist of Startup Europe Awards, 2017).
M3 is an ICT network infrastructure that will allow the development and/or implementation of
information management and sharing models based on Open Data, as well as the definition and
continuous verification of operational requirements (BSRIA, 2009) among the various
operators involved in the whole cycle of life of a building. From the design phase (clients,
designers, structural engineers, installers, etc.) and construction (companies and producers /
suppliers of materials and components) to management (maintenance personnel, etc.) and
disposal phases; and between all operators and the final users themselves (Figure 1).

Figure 1. M3 Maintenance Management Model Architecture.
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The objective is to support the decision-making process relating to the building management
phase through an Information Modeling Asset (AIM) based on openBIM standards (IFC) and
specifications on the data structure (COBie).
The structuring of the requirements that allow the definition of the AIM is based on the use
of the ISO methodology, Information Delivery Manual (IDM) in ISO 29481-1:2016. A general
methodology for defining the requirements of the FM format. In particular, IDM makes possible
mapping and describing information processes throughout the life cycle of a building,
maintaining links with each of the different phases in which information has been generated,
exchanged, controlled and used.
Assumed as an initial development stage of the Management Model, a TRL 4 “low reliability
prototype that can be built to demonstrate the technology and its function in the laboratory”, a
specific Business Development Plan and R&D is being implemented to allow:
- The realization of the engineering functioning model, corresponding to a TRL 6. In the
specific case, the expected result is equivalent to an engineering prototype whose
technology realizes a first connection level of the three apparatuses that make up the
architecture of the Maintenance Management Model: an Information System (AIM); a
collaborative platform (usBIM.platform by ACCA Software spa); a Cloud Computing.
- The upgrade to TRL 8 corresponding to a complete prototype system.
- Its experimentation, verification and validation (O.R.R., Operational Readness Review).
- Its marketing.
On a technical level, the availability of all the documentation, information and administrative
management relating to the building/s appropriately collected and systematized in digital
dossiers will allow, through an integrated system of alphanumeric and graphic databases (IFC
and COBie format), the management of complex data concerning localization, use, security,
accessibility, employment conditions, usability of spaces.
The availability of a digital twin in OpenBIM format will therefore allow, through a viewer
and the interaction in Virtual and Augmented Reality modes, the following visualization:
- information on the current state of construction;
- the behavior of component and sistem transmitted by monitoring system (Building
Automation home automation systems);
- the location and degree of severity of active fault and possible operational scenarios for the
purpose of the intervention.
The partner ACCA spa, leader in the OpenBIM at national level, has made the
usBIM.platform collaborative platform technology available for implementation in the
direction described. With usBIM.platform is possible to manage the OpenBIM models (IFC
standards and COBie specifications) of each type (architecture, plants, energy, structures,
construction site and maintenance) in a single Data Sharing Environment (ACDat) or Common
Data Environment (CDE ). The related plug-in is being tested through a pilot application to the
case study identified in a portion of the building asset of Mediterranean University of Reggio
Calabria. In particular, the “usage scenario” of the system is the evaluation of IFC4 and COBie
2.4 and some of their enabling technologies.
The ongoing experimentation and the subsequent M3 implementation prefigure some main
expected results. Evaluating IFC and COBie support in meeting the information requirements
for the creation of the management activity register and proposing ways to implement and
extract maintenance requirements respectively in and from BIM models.
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The actions undertaken also promote shared lexicons and the circulation of knowledge
within an interdisciplinary process of managing information from and for Maintenance.
The use of BIM models and the possibility of collecting and managing a large amount of
data will be used as a source of information for service life planning. In particular, they will be
oriented to the structuring of information feedback databases according to ISO 15686-7:2017
guidelines related to service life prediction of materials and components.

4

Conclusions

Although the results of the research in these areas refer to experiments that bring to the
identification of some general OpenBIM requirements capable of supporting building
maintenance activities (Hallberg and Tarandi, 2011, Becerik-Gerber et al., 2012, CIC, 2012,
Motamedi et al., 2014). To date, detailed studies and systematic evaluations of the IFC and
COBie standards applied to FM are still lacking. In fact, it emerges from the literature that these,
together with the available software support tools, are still inadequate for the management of
the life cycle during the maintenance phase. (Kassem et al., 2015a)
Furthermore, there are no widespread studies on the development of OpenBIM for FM and
in particular research aimed at understanding "how" and "if" IFC and COBie can be effectively
integrated to support FM processes.
Limits and criticalities that represent the areas of development and implementation of
research in general and that related to the upgrade phase of M3 in particular but also of future
commitments in the world of standardization and ICT.
In a perspective that embraces a holistic view of the life cycle of an artifact, which considers
together: quality, duration, environmental, social and economic costs, the Maintenance
Management Model, M3 takes on a dual meaning.
On the one hand, a tool to support the management of real estate assets through the activation
of innovative information sharing processes (Open Data and Semantic Web).
On the other hand, it is evident that to effectively support decision-making processes in the
development and execution of maintenance strategies, information on the useful life of building
components is fundamental (Hovde and Moser, 2004) and should be taken into consideration
from the earliest stages of planning (Marteinsson, 2005).
According to this vision M3 is beginning to look as a privileged "observatory" of the
phenomena that characterize building systems over time, their operation and their use.
Therefore, it appears functional for oriented collection of feedback data relating to the behavior
of materials and components in specific contexts according to ISO 15686-7:2017 and as clearly
expressed by the same ISO 15686-4:2014.
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Abstract. In the context of the existing buildings, along the recent years the concept of maintenance has
changed from corrective maintenance to preventive maintenance, which is based in part on periodic
inspections. There is ample evidence that preventive maintenance is more efficient than corrective
maintenance, since severe deteriorations that may represent danger to people are avoided, and also
money is saved. To make periodic inspections of the buildings is useful to quantify the extent to which
deficiencies are severe or not, in order to facilitate decision making and prioritize therapeutic
interventions. To this purpose many scales have been used and are used to assess the degree of gravity
of the damages in constructive elements. But it is important to say that there is no common consensus
and these scales are different between them according to the study to which they belong. Thus, the main
goal of this article is to propose a methodology for calculating the degree of severity of damages in
buildings, which is of widespread use. This calculation method, which is in distribution and in scalar,
lets to calculate the severity index of systems and of the entire building, and it is easy to use and flexible.
Keywords: Scale, Severity Index, Damages, Direct Assignment Method, Quartiles.

1 Introduction
The rapid industrialization and population migration of the last 30 years, has led to a fast
growing urbanization, doubling the building and partially the infrastructure stocks in very short
periods (20-30 years) (Yang, 2006). In this context, the crucial indicator is the state of
degradation of the different components of the stock (Kohler and Yang, 2007). Likewise, "What
is not defined can not be measured. What is not measured can not be improved. What is not
improved, it is always degraded”. This phrase is from Sir William Thomson, Baron Kelvin of
Largs. Although the phrase is from the nineteenth century, it is fully in force, and we are well
aware of the importance of performing preventive maintenance in buildings in order to prevent
their degradation and the appearance of severe deteriorations. In the framework of maintenance
is true that to make periodic inspections of buildings, is useful to quantify the extent to which
deteriorations are severe or not, in order to facilitate decision making and prioritize therapeutic
interventions. In fact many scales have been used and are used to assess the degree of gravity
of the constructive elements. But there is no common consensus and these scales are different
from each other according to the study to which they belong (Ruiz, 2014).
All the referred shows the need to propose and validate a scale, in order to assess the severity
index of constructive elements in buildings, which is of widespread use. Thus, the main goal of
this article is to propose a calculation method, in distribution and in scalar, to calculate the
degree of severity of systems and of the entire building, easy to use and flexible.
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2 Methodology
In most of the known scales, there is not any method to calculate the degree of severity of a
system or of the entire building. In the few scales where there is a method, the output values
are scalars, which do not show the variability of the distribution of severities. The proposed
methodology in this paper aims to add the variability of the distribution of severities in the
resulting vector scale. It is also remarkable to highlight that unlike what happens in other areas
of science where there are scales widely used and commonly accepted, in the field of the
buildings there is not a common scale for assessing the degree of severity of the constructive
elements, and there are many different scales. There is no doubt that in building engineering
would be very useful to have a common scale and a methodology widely used to assess the
degree of severity of the buildings.
2.1 Application Levels
In this section the proposed methodology for calculating the degree of severity of damages in
buildings as a whole (biggest proposed unit) or parts thereof, which will be called systems (S)
is introduced. It is considered appropriate to propose a reasonable division of building into
systems, which is presented in Table 1. In order to provide flexibility to the methodology it
allows that the total number of systems and the definition of them can be chosen by the
technician that develops the study of the building, thus the proposed method is of general
application. Therefore, the building as a whole is the sum of the systems that constitute it, as
indicated in Equation (1):
Building: (B) =

n

∑ (S )
i =1

i

(1)

Table 1. Proposal of building systems.
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System

Description

Main constituent parts

1

Façades

Claddings, base material, cantilevers, cornices, windows and other
practicable openings, railings, balustrades, ornamental elements, etc.

2

Vertical structure

Pillars, load walls, foundation, etc.

3

Horizontal structure

Beams, beam filling, vaults, arches, etc.

4

Roofs and inner
courtyards

Roof tiles, pavements in flat roofs, waterproofing, thermal insulations,
skylights, walls and practicable openings for inner courtyards, etc.

5

Interior building
elements

Partitions, interior walls, practicable openings, pavements, interior
claddings, etc.

6

Staircases

Walls, stair structure, steps, railings, etc.

7

Sewer facilities

Downpipes, drains, gutters, etc.

8

Other facilities

Electricity, water, gas, elevators, etc.

Felix Ruiz, Antonio Aguado and Carles Serrat

Each system can be divided into zones which constitute the last and smallest proposed unit
to value. A zone is defined as a specific part of a constructive element, as for example an area
of a wood beams floor, an area of a façade, an area of a reinforced concrete beam floor, an area
of a balcony, etc. Figure 1 shows some images that represent what is named zone.

Figure 1. Images of four zones of construction elements.

Thus, the set of zones into which the system has been divided (p), constitutes the entire
system, as shown in Equation (2):
System: (S)i =

p

∑ (Z )
j =1

j

(2)

One important point is that this methodology can be applied to any kind of existing scale of
severity of damages in buildings, regardless they are based in direct assignment method (DA)
or application of mathematical functions or algorithms method, or in both.
The proposed scale in this paper ranges from value 0 (zero gravity and the constructive
element is in perfect condition) to value 10 (extreme gravity; it is not conceivable a greater
gravity; pathology in terminal phase; collapse may occur at any time). Due to the scale is
applicable to any type of constructive element (walls, beams, columns, bearing walls, façades,
etc.), definitions are necessarily generic. These definitions can be seen in Ruiz et al. (2019).
2.2 A Vector Scale of Severity of Damages in Buildings
The proposed methodology, which is schematically presented in Figure 2, it is initiated by the
direct assignment method (DA) based on the generic definitions of the reference scale, through
which the grade or index of severity, G, is assigned to zones, j, of the building. In the variant
called (a), the process ends at this level, which is in cases where the object of study is assessing
the gravity of different zones of the building, but it is not necessary to evaluate the overall
gravity of a system or of the whole building.
The next step of the methodology, when required, is to assess the severity of one or more
systems, for which there are the variants called (b) and (c). In variant (b) DA method based on
the generic definitions of the proposed scale is used, through which the degree of severity of
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the considered system is assigned. In variant (c) the calculation method that it is proposed in
the next subsection is used, applying it to the Gj values comprising the zones of the system,
which allows to calculate the degree of severity of the considered system.

Level zone

Direct assignment method (DA) based on the generic definitions of the
proposed scale

Assignment of the degree of severity (Gj) to zones j of the
building

End

(a)

Level system

DA method based on the generic
definitions of the proposed scale

Assignment of the degree of
severity to the system (s)

Calculation method based
on Gj values

Calculation of the degree of
system severity (s), (G(s))

(b)
End

Level building

DA method based on the generic
definitions of the proposed scale

Assignment of the degree of
severity to the whole building

End

(c)

Calculation method based on
values G(s)

Calculation of the degree of
severity of the whole
building

(b)
End

(c)
End

Figure 2. Methodology of application of the proposed scale

The variant (b) is of application in cases where the object of the study is such that it is necessary
to spend a short time. Some of these cases may be the following: i) Global study of an urban
area, in which it is necessary to assess the grade of gravity of hundreds or thousands of façades;
ii) Emergency interventions, such as civil service technicians or firemen in cases of sever
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deteriorations with potential risk for people. The variant (c) will be of application in the
remaining cases in which is required to determine the grade of gravity of a system or building.
2.2.1 Definitions and computations at system level
Within the framework of variant (c) in Figure 2, first it should be said that to obtain the resultant
severity of a system based on the summation of the Gj values of that system, applying a weight
wj that is based on the area or proportion of the zone j (Aj) regarding the area or whole unit (AT)
of the considered system, gives adequate results only for cases that severity of the system is
homogeneous, for example if the entire system is heavily degraded or everything is in good
condition. However, it gives inadequate results in cases where there is a significant variability
of severity in the system, especially in cases of extreme dispersion.
For this reason, after discarding the previous method of calculation for being inadequate, in
order to calculate the resulting severity of a system s it is proposed a method based on statistical
quantiles. In this case quartiles are used as well as the minimum and maximum values of Gj of
the analyzed system, allowing to define the distribution of severity of system s, Gd( s ) , as follows
in Equation (3):
)
(s)
(s)
(s)
Gd( s ) = ( q0( s ) , q0( .s25
, q0.50 , q0.75 , q1.00 )
(3)
(s)
(s)
where, q0 and q1.00 are the minimum and maximum value, respectively, of Gj of the system
(s)
(s)
(s)
s, and q0.25 , q0.50 and q0.75 are the maximum value of G j corresponding to the 25%, 50%,
75% less degraded, respectively, of the system s.
With this methodology can be directly observed the highest value of Gj of each of the
(s)
evaluated systems of the building ( q1.00 ). Similarly can be directly establish whether the
extension of the pathologies is generalized or localized in function of the Gj values, which are
derived from analyzing the 25%, 50% or 75% of the system.
The resulting vector of a system s allows to determine the priority of intervention of the
system s, which is determined by the value of Gmax, corresponding to the last value of the vector.
Gd( s ) also allows to establish the extension of the corresponding dysfunction to Gmax , extension
that it is denoted by e(., Gmax ) , that evaluates the position of the minimum quartile in which the
Gmax value appears. Formally, it is defined in Equation (4):

(

)

e Gd( s ) , Gmax = q, where q is the smallest qk such that qk = Gmax

(

(4)

)

(s)
(s)
(s)
(s)
(s)
(s )
Thus, it should be emphasized that the proposed vector Gd = q0 , q0.2 ,5 q0.5 ,0q0.7 ,5q1.0 0
gives a lot of information about the severity of the system s, since besides it shows the minimum
and maximum severity of the system, it shows the distribution of severities thereof. It must be
said that while the vector Gd( s ) describes numerically the grade of gravity of a system with
sufficient accuracy, the distribution can be interesting to be summarized in a single value. To
(s )
5
this end, we propose a method that transforms the vector Gd ∈ {0 ,...,1 0} into a scalar

Gr( s ) ∈ [0, 10], which it is named resulting severity of the system, and it is denoted by Gr( s ) .
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To estimate the mean value of the distribution and using the relationship E ( X ) = ∫ R( g )dg that

calculates the expectancy of a positive random variable X (in our case between 0 and 10) as the
area under the complementary function of the distribution function (R(g) = 1-F(g)), where F
denotes the distribution function, it is proposed that Gr( s ) is obtained as the first order
approximation of the area under the empirical distribution of R from the distribution Gd( s ) . By
construction it takes the values R(q0) = 1 – 0 = 1 ; R(q0.25) = 1 – 0,25 = 0,75 ; R(q0.50) = 1 – 0,50
= 0,50 ; R(q0.75) = 1 – 0,75= 0,25 y R(q1.00) = 1 – 1 = 0. Figure 3 illustrates this calculation for
the numerical example Gd(1) = (0, 2, 5, 5, 8).
1
0,75
R(g)
0,50
0,25

0

0

1

2

3

4

5

6

7

Figure 3. Function to determine the

8

9

10

G

Gr( s ) value.

So,

 q ( s ) + q0( s.25) 
 q ( s ) + q0( s.50) 
 q ( s ) + q0( s.75) 
 q ( s ) + q1(.s00) 
 ⋅ 0,25 +  0.25
 ⋅ 0,25 +  0.50
 ⋅ 0,25 +  0.75
 ⋅ 0,25 =
Gr( s ) =  0
2
2
2
2








(s )
(s )
(s )
(s )
(s )
q + 2q 0.25 + 2q 0.50 + 2q 0.75 + q1.00
,
= 0
8
or equivalently

mi( s )
Gr
,
4
i =1
are the midpoints between the components of Gd( s ) .
(s )

where mi( s )
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In order to have a greater sensitivity over the parts of the building with greater severity, it is
proposed to generalize the Equation (6), so it could be applied a set of coefficients wi( s ) , which
allows, among other possibilities, give more weight to the components on the right, which are
those corresponding to the highest values Gj of the system. In order to provide flexibility to the
methodology, it is proposed that the technician can determine the relative weights wi( s ) to give
4

∑ w( ) = 1 . These coefficients act on the midpoints

to each coefficient, under the condition that
(s )

mi

i

i =1

s

(s )
between components qk( s ) , which allows to obtain Grw
( Gr( s ) weighted) defined as
4

(s )
= ∑ wi( s ) ⋅ mi( s )
Grw

(7)

i =1

2.2.2 Definitions and computations at building level
After obtaining vectors Gd( s ) , s = 1,..., S, representing the distribution of the gravity of each
system s, it is defined the distribution of severity of the building ( Gd∗ ), as follows:

Gd∗

 Gd(1)
 ( 2)
 Gd
=
 ...
 G (S )
 d




=




 q0(1)
 ( 2)
 q0
 ...

 q (S )
 0

)
q0(1.25
q0( .225)

)
q0(1.50
q0( .250)

)
q0(1.75
q0( .275)

...
q0( .S25)

...
q0( .S50)

...
q0( .S75)

q1(1.00) 

q1(.200) 
... 
q1(.S00) 

(8)

Therefore, Gd∗ is a Sx5 matrix, stacking by rows the severity distributions of each system.
Similarly than before, matrix Gd∗ can be summarized to a single value G* ∈ [0,10] by defining
S

∗
w

G =

∑ w( ) ⋅ G ( ) ⋅ w( )
s =1

s

S

∑w
s =1

s
rw

(s )

⋅ w(~s )

~s

,

(9)

where
• w(s): coefficient for each of the S systems of the building, in order to give more weight
to the most important systems.
• w(~s ) : coefficient for each of the S systems of the building, in order to give more weight
to those systems that are in worse condition, which numerically means to give more
(s )
weight to those highest values Grw
.

3 Conclusion
It should be noted that the proposed methodology can be easy applied by a technician. Just determining
the Gj severity (through DA method) and the Aj surfaces of different areas j, it is possible to obtain
(s )
automatically the resulting severities of each system Grw
and the resulting severity of the building, by
using a spreadsheet. Likewise, when applying the methodology to real cases, consistent results have
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been obtained, confirming the validation of the proposed methodology. Finally, it has been proven that
this vector scale is an efficient tool as support to the technician in decision making.
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Abstract. The evolution of the state of a structure is characterized by deterioration. This is mainly due
to corrosion of the steel reinforcement and damage from mechanical solicitations. The maintenance of
existing infrastructures involves a good grasp of their condition and a high level of expertise on the part
of the project managers. An accurate assessment of the bridge state condition is required to plan
maintenance and repair activities for better durability, and to maintain the level of service of the road
network. In this paper, an effective management framework for bridge is proposed using field
observations from visual inspections. Each element of the bridge was evaluated separately by a visual
inspection from which were derived ratings to quantify the structural performance and the material
condition. The element ratings were also combined to obtain an overall rating for the bridge considering
its defects and impact on the behavior of the complete structure. The modelling approach proposed in
this work can better represent the deterioration of concrete-built bridges when the defect is visible. A
representative structure in Quebec was studied to illustrate how to apply the methodology for the
assessment of a real structure condition at specific times.
Keywords: Concrete, Bridge, State, Assessment, Durability.

1 Introduction
The main cause of deterioration of road structures in cold regions is steel rebar corrosion in
concrete with the presence of chloride ions (Conciatori, et al., 2018; Roelfstra, et al., 2004).
However, using de-icing salts during winter, due to the microclimate, problematic for the
safety of structures (Angst, 2019). For example, there are 614,387 bridges in the USA, among
which 56,007 were structurally deficient in 2016. Most bridges have been designed for a 50year service life, but nearly 40% of them are more than 50 years old. Currently, the average age
of those bridges is 43 years. Around 188 million users cross a structurally deficient bridge every
day. The latest estimations bring the backlog of bridge rehabilitation needs in the USA to $123
billion (ASCE, 2017). In Canada, 60% of structures in the national highway network will be
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more than 40 years old in 2020. The number of bridges built more than 50 years ago, has
increased by 50% since 2010 (RRN, 2010). Usually, repair works are done each 30 years period.
For the next few years, maintenance and repair needs in Quebec, Canada will reach a high
level. The setting of Quebec is interesting because it is a Nordic climate where the challenges
of a cold, harsh winter, de-icing, etc. are significant.

Repair

Degradations

Maintenance

E

B
A

C

D

Replacement
F

Failure
Limit service state

Time

Figure 1. Evolution of the deterioration state of a reinforced concrete bridge: A: Very good; B:
Good; C: Satisfactory; D: Bad; E: Very bad; F: Failure.

Monitoring the state condition of a bridge allows one to plan maintenance and repair
activities. These activities, including replacement, have a considerable impact on the mobility
of users and goods. Historical and current visual inspection data on bridge condition can be
used to predict future bridge state conditions (Stewart, 2001). Inspectors are aware of the fast
deterioration thanks to the visual inspection results and their follow-up is closer when
degradation appears for the sensitive structural elements. Detailed historical inspection reports
can be used to determine, during future inspections, the kinetics of degradation (CSA, 2014).
The evolution of the deterioration state of a reinforced concrete bridge and its rehabilitation
can be represented with the state index indicator (Figure 1). A, B and C ratings mean very good,
good and satisfactory conditions, respectively. D and E ratings are bad and very bad conditions,
respectively (MTQ, 2018). The fundamental interest of a project manager is to understand
perfectly the permissible service and failure limit states in order to plan appropriate repair
activities (Ter Berg, et al., 2019). Sustainability and resilience concepts for infrastructure
systems are important for the community. Consequently, both of these concepts need to be
integrated at the level of the infrastructure assessment to accurately determine the performance
criteria of an infrastructure (Lounis and McAllister, 2016). This allows to consider the
acceptable risk of service failure to minimize the consequences associated with the different
limit states such as: accidents, interruptions of service to users and repair costs (Adey, et
al., 2003).
In this paper, a new approach to assess the condition of a typical structure is proposed. The
methodology has been applied on a 60 year reinforced concrete bridge in Quebec (Figure 2).
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Slab
Embankment

Pier
Front wall
Foundation Pier

Figure 2. Half profile of the bridge (Quebec).

The bridge consists of a portico with two symmetrical spans (the free span is 11.4 m).The
deck is a thick slab kind. Its thickness at the level of the supports is 1 m and its thickness at the
centre is 0.60 m. The extremity supports and the central pier are continuous over the full width
of the structure. It has four traffic lanes. The closure would cause significant inconvenience for
the users which access to the lower four lanes under the bridge. This paper focuses on the
degradation analysis process and the bridge assessment. This approach introduces a new
management methodology for making an optimal and sustainable decision for bridge
maintenance.

2 Degradation Analysis Process
A visual inspection of this bridge allowed us to evaluate its material and structural behavior
state. The defects were identified during the visual inspection process, following the
methodology in the inspection manual of the ‘Ministère des Transports du Québec’(MTQ,
2017). The objective of the experimental procedure was to assess separately by the visual
inspection method: (i) the material deterioration and (ii) the structural behavior of the bridge.
The purpose of material condition assessment is to provide with an assessment of the
material defects detected on an element. To do this, four states (   ) are defined,
depending on the severity levels observed: no deterioration, moderate deterioration, significant
deterioration, and very significant deterioration, respectively. The structural behavior
evaluation rating of an element i (bi rating) gives an indication of the impact of defects on its
structural capacity, functionality, stability, user comfort and safety. The behavior rating for each
bridge element is estimated with a four degradation scale: 1→ 4 (1 being the worst and 4 the
best behavior).

Figure 3. Visual inspection of the front wall of the bridge.
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The bridge was divided into elements, which were evaluated separately. As an example, the
visual condition of the bridge front wall showed a reparation during the visual inspection
(Figure 3).
Table 1. Visual inspection rating of material condition and behavior of the front wall of the bridge.

Ratings
Front wall

Material (%)
 


15 0 85 0

Behavior
bi
3

The inspection report for the front wall showed:  = 15% of the material has no deterioration
and  = 85 % has to be repaired, and the structural behavior reaches a rating of bi = 3 because
this defect affects appreciably the stability of the structure (Table 1). Similarly, the material and
behavior defects for each element of the bridge were performed and presented in section 3
(Table 2).
The local rating on structural elements, as described above, allows one to identify the wrong
behavior or a major deterioration on a part of the structure. This could provide the managers
the idea to conduct some urgent local repair. However, structure managers are often interested
to assess a global index of their structure. The global index allows managing the structure in
the network scale and to plan its intervention agenda according to the whole network state, and
with a minimum impact on the traffic. This global index gives an indication on the structural
behavior and the material deterioration level of the entire structure, considering their impacts.
Embankment

Initial position of the
abutment
Soil uplift
Natural soil
Soft soil

Sliding plane
Figure 4. Example of abutment failure links (MTQ, 2017).

The following model proposes an evaluation of the global index as defects of each element
(rating of each element) and the impact of the default on the structure by a decision tree analysis.
The element ratings are merged considering failure assignment links to obtain the bridge global
rating. For example, an abutment with a soil failure links has a repercussion on the abutment
foundation (Figure 4). Additionally, the abutment foundation has a repercussion on the bridge
seat, and the bridge seat has a repercussion on the slab. Let 𝑥𝑥𝑖𝑖𝑖𝑖 the defects affectation link
between two elements i and j,
• 𝑥𝑥𝑖𝑖𝑖𝑖 = 1 when the degradation of an element 𝑖𝑖 directly affects the adjacent element j;
• 𝑥𝑥𝑖𝑖𝑖𝑖 = 0 when there is no link between the defects of the adjacent elements 𝑖𝑖 and j.
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Abutment /Foundation
(1;0)

(xij; xji) = (1;0)

Embankment

(1;1)

(1;0)
Approach slab

Front wall
(1;0)

(1;0)

Backwall

Bridge seat

(1;1)
Slab

Figure 5. Failure links (𝑥𝑥𝑖𝑖𝑖𝑖 ; 𝑥𝑥𝑗𝑗𝑗𝑗 ) for the abutment of the bridge.

In this way, (𝑥𝑥𝑖𝑖𝑖𝑖 ; 𝑥𝑥𝑗𝑗𝑗𝑗 ) = (1; 0) when element 𝑖𝑖 is affected by element 𝑗𝑗 but a defect of element
𝑗𝑗 does not impact element 𝑖𝑖. Moreover, (𝑥𝑥𝑖𝑖𝑖𝑖 ; 𝑥𝑥𝑗𝑗𝑗𝑗 ) = (1; 1) when the defect of element 𝑖𝑖
affects element 𝑗𝑗 and, conversely, a defect of element 𝑗𝑗 affects element 𝑖𝑖. The defect affectations
of the bridge are given for the previous example with the abutment in Figure 5. This systematic
approach is based on the qualitative and quantitative analysis of the visual inspection records.
The parent-child principle, based on the decision tree analysis, enables to gradually identify the
different links between the element failures at the local level. Thereafter, the bridge was
assessed at the global level with different equations developed in the following section.

3 Bridge Assessment
For the bridge assessment, as initiated previously in section 2, two scales are developed: a local
scale at the level of the structural element, and a global scale at the level of the structure. In this
part, the rating of each element is calculated, and then a new model for assessing the material
global index IM and the behavior condition IB of the bridge is proposed. A visual inspection was
conducted in situ on the bridge to evaluate the material rating mi and the behavior rating bi of
each element i. The visual inspection results for each bridge element are presented in Table 2.
Some information is missing because the elements concerned were neither accessible nor
visible.
Table 2. Visual inspection rating of material condition and behavior of the first span of the bridge.

Element
Backfill Granular
Foundation Prefabricated
concrete piles / abutment
Front Wall
Foundation Prefabricated
concrete piles / Pier
Pier/Barrel

Material
β
σ

δ

mi

15%

0

85%

0

2

3
4

98%

0

2%

0

4

4

α

Behavior
bi
4
4
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Running surface
External side (North)
External side (South)
Deck Regular concrete slab
Sidewalk (North)
Sidewalk (South)
Guardrails Other Models

80% 10% 10%
95%
0
5%
95%
0
5%
99%
0
1%
80% 20%
0
20%
0
80%
20% 80%
0

0
0
0
0
0
0
0

3
4
4
4
4
2
3

3
3
3
4
4
2
4

The four levels of material condition degradation ( to ) were combined to obtain a single
material rating mi for each element i through equation (1):
𝑚𝑚𝑖𝑖 = ∑4𝑗𝑗=1

𝑃𝑃𝑗𝑗,𝑖𝑖

𝑃𝑃1,𝑖𝑖 +⋯+𝑃𝑃4,𝑖𝑖

exp 𝑛𝑛(α)

(5 − 𝑗𝑗) with 𝑃𝑃1,𝑖𝑖 = 𝛼𝛼𝑖𝑖

exp 𝑛𝑛(δ)

,…, 𝑃𝑃4,𝑖𝑖 = 𝛿𝛿𝑖𝑖

(1)

P is the deterioration penalty of the bridge element i, n is the weight of the deterioration
penalty, the exponential function represents a factor of the deterioration penalty, and j is the
deterioration level. In this study, n is fixed for each level of degradation and defined such that
the repair activities must be recommended for each element (Table 3) if at least one of the
following conditions is true :       and       and  =   =  and
 ≥ 15%. Such conditions allow to consider the moderate degradations  that are currently not
considered by the traditional infrastructure managements.
Table 3. Weight of the penalty n assumed in this study.

Material state
No deterioration
Moderate deterioration
Significant deterioration
Very significant deterioration

𝒏𝒏(.)

0
()
() 0.15
() 0.73
() 2.5

An example of the material rating calculation for the front wall of the bridge is illustrated by
equation (2). 𝑚𝑚𝑖𝑖 was evaluated using the extended visual inspection in Table 1:
𝑚𝑚𝑖𝑖 =

15exp 0
85exp 0.73
∙ (5 − 1) +
∙ (5 − 3) ≈ 2
10,093
10,093

(2)

Finally, the global index IM and IB are obtained from the rating mi and bi calculated for each
element i and from the global assignment links (xij; xji). Intermediate equations RM and RB were
defined to simplify the expression of IM and IB such as:
𝑅𝑅𝑀𝑀 = ∑𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑚𝑚𝑖𝑖 ∑𝑗𝑗𝑗𝑗𝑗𝑗\𝑖𝑖 𝑥𝑥𝑖𝑖𝑖𝑖 and 𝑅𝑅𝐵𝐵 = ∑𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑏𝑏𝑖𝑖 ∑𝑗𝑗𝑗𝑗𝑗𝑗\𝑖𝑖 𝑥𝑥𝑖𝑖𝑖𝑖
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where W is the global assignment links and A the factor of degradation evolution. A was
assumed to be equal to 5 in this paper (W.R. de Sitter, 1984). Thus,
𝑅𝑅𝑀𝑀 − 𝑅𝑅𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(∀ 𝑖𝑖, 𝑚𝑚 =4)
𝑖𝑖
𝐼𝐼𝑀𝑀 (%) = 100 ∗ (1 − [
𝑅𝑅𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(∀ 𝑖𝑖, 𝑚𝑚 =1) − 𝑅𝑅𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(∀ 𝑖𝑖,
𝑖𝑖

𝑅𝑅𝐵𝐵 − 𝑅𝑅𝐵𝐵𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(∀ 𝑖𝑖, 𝑏𝑏 =4)
𝑖𝑖
𝐼𝐼𝐵𝐵 (%) = 100 ∗ (1 − [
𝑅𝑅𝐵𝐵𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(∀ 𝑖𝑖, 𝑏𝑏 =1) − 𝑅𝑅𝐵𝐵𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(∀ 𝑖𝑖,
𝑖𝑖

𝑚𝑚𝑖𝑖 =4)

𝑏𝑏𝑖𝑖 =4)

(4)

])

(5)

])

4 Results and Discussions

For the entire bridge, the results of the assessment model computations, based on the visual
inspection, to assess its state condition are: 𝐼𝐼𝑀𝑀 = 78.76 % and 𝐼𝐼𝐵𝐵 = 79.97 % (Figure 6). The results
of this model show that the deterioration level of the bridge, both in material and behavior is
lower than the maximum accepted limit of 80 % defined by public sector managers. For
structures in good condition, maintenance is recommended between 75 and 80 % as soon as
possible. The present model allows one to provide advice for a maintenance to avoid further
major repairs. However, using a model only based on visual inspection can only identified most
obvious visible deteriorations (identified by C, D and E phases in Figure 1). The early signs of
deteriorations, such as probable steel rebar corrosion (phase B), cannot be detected by the visual
inspections to prevent the further deteriorations and anticipate preventive maintenance for cost
efficiency.
Major
repairs

Replacement

Repairs

No
intervention

IM
IB
10

20

30

40

50
60
Global index

70

80

90

Figure 6. Bridge behavior and material condition by visual inspection.

5 Conclusion
The challenge for maintaining existing infrastructure plays an important role in a country's
economical and social activities. This paper addresses the assessment of a bridge condition
focusing on the resilience of each element at the local level to achieve a significant benefit at
the global level of the bridge based on the visual inspection. The developed visual inspection
model incorporates (in the assessment) the effects of moderate degradations, which are
generally ignored by inspection managers. The consideration of those degradation levels
revealed that the bridge needs maintenance. As a result, this assessment model based on visual

699

Abdoul S. Bah, Thomas Sanchez, Yan Zhang, Kotaro Sasai, David Conciatori, Luc Chouinard, Gabriel J. Power
and Nicolas Zufferey

inspections allows to improve the degradation rating used by traditional public managers.
However, the uncertainty on the physical and chemical degradation observed by visual
inspection have an important impact on the computation of the material and behavior indices.
Further works in progress will improve the assessment of the bridge state condition by coupling
the visual inspection model presented in this paper with a deterioration prediction model. This
approach will refine the deterioration assessment to the early state phases (A and B phases in
Figure 1) to forecast preventive maintenances.
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Abstract. Most of the maintenance actions in the construction sector are still reactive and sporadic,
based on subjective criteria. Usually, maintenance actions are performed when the building already
presents unacceptable degradation levels, and the reactive maintenance actions carried out only correct the anomalies observed, not dealing with the causes, thus leading to additional costs and risks for
owners. This study establishes a condition-based maintenance model applied to natural stone claddings. This model has a stochastic nature, in order to deal with the complexity of the degradation phenomena. For that purpose, Petri nets are used, providing an efficient tool to model the deterioration
process and the maintenance decisions considered for stone claddings. The maintenance model is a
full life-cycle model that encompasses: (i) the stochastic assessment of the degradation condition of
the stone claddings, and their expected service life; (ii) and the inspections, maintenance and renewal
processes. In this study, three maintenance strategies are considered: (i) major intervention only; (ii)
combination of minor and major interventions; and (iii) combination of cleaning operations, minor
and major interventions. The impact of the different maintenance strategies in the future performance
and remaining service life of stone claddings is analysed, also evaluating the economic impact of each
maintenance plan.
Keywords: Degradation, Service Life, Maintenance, Natural Stone Claddings, Petri Net.

1 Introduction
The awareness of the building managers and/or owners about the need to maintain their assets
more efficiently has increased over the last years (Silva and de Brito, 2019). The maintenance
of buildings’ envelope elements is not yet a first concern (Forster and Kayan, 2009; Thomsen
and van der Flier, 2011). Usually, maintenance actions are carried out when the buildings’ envelope elements are already severely degraded, or reactive maintenance actions are performed to
react to failures and do not deal with the causes (Mobley, 2014), thus leading to additional costs
and risks (Dann and Cantell, 2005). Furthermore, regular inspections to assess the condition and
maintenance actions on these elements are not mandatory (Shohet et al., 2002). The definition
of the end of their service life is subjective, based on the outward appearance, owners/users’
demands and the funds available for maintenance works (Emídio et al., 2014).
Therefore, the development of more efficient methodologies for the implementation of
strategic planning of maintenance actions is important (Lacasse and Vanier, 1996; Aikivuori,
1999). The existing tools have several limitations (Ashworth, 1996; Sherwin, 2000; Forster
and Kayan, 2009): scarce data about maintenance protocols; poor or non-existent implementation of strategic procedures; lack of information regarding durability and performance of
buildings; insufficiently accuracy of the existing maintenance policies; and lack of infor-
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mation about global costs associated with repairs. This information is extremely relevant to
managers, insurers, owners or users, and allows the adoption of more sustainable and durable
solutions at the design stage and for the definition and implementation of reliable maintenance
policies, enabling a more rational management of the building stock.
The main purpose of this study is the development and implementation of a conditionbased maintenance model for Natural Stone Claddings (NSC). The proposed model is implemented using a stochastic Petri Nets (PN) framework. The case study selected is composed of
203 NSC, located in Portugal. The sample was established based on the diagnosis of the degradation condition of these claddings in-service performance, through in situ visual inspection. In the methodology developed, three maintenance strategies are assessed: (i) major intervention only; (ii) combination of minor and major interventions; and (iii) combination of
cleaning operations, minor and major interventions. The first one represents the most common
solution adopted by buildings’ owners. The other two are analysed in order to evaluate the
impact of the different alternatives in the claddings’ service life and in the whole-life maintenance costs, for the period under analysis.

2 Petri Nets (PN)
PN are a mathematical and graphical modelling tool, introduced by Carl A. Petri in 1962 (Petri,
1962), suitable for description of systems whose dynamics are characterized as being concurrent, asynchronous, distributed, parallel, nondeterministic, and/or stochastic (Murata, 1989).
In a few words, PN can be defined as a bipartite directed graph that comprises two types of
nodes, places (representing a state or condition of the system, drawn by circles) and transitions (representing an action, denoted by bars and/or boxes). Both nodes are linked by directed arcs. An arc connects a place with a transition, or vice-versa. Tokens (drawn by small
black dots) are stored in places and its distribution (denoted by marking, M) represents the
current state of the system. Transitions are responsible for the evolution of the system from
one state to another (movement of the tokens between places). A transition is enabled to fire
when, in all input places, there is at least one token. Furthermore, it is possible to assign to
each transition a firing rate that can be deterministic or modelled by any probabilistic distribution. Figure 1 shows an example of PN composed of three places (p1, p2, p3) and one transition (t1). In this example, the transition is not enabled to fire since place p2 is empty.

Figure 1. Example of a Petri net.

3 Maintenance Model
The maintenance model, based on the Petri nets methodology, proposed to assess the performance of NSC, is presented in Figure 2. Below, the meaning of each part of the model is
briefly described. More information about the model can be seen in Ferreira et al. (2019).
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Figure 2. Petri net scheme of the maintenance model proposed.

The maintenance model implemented is a condition-based model, where it is assumed that
maintenance actions are planned after the condition has been assessed through inspections. In
other words, the need for a maintenance action is assessed during inspection, and then, according to the current observed degradation condition of the component under analysis, a decision on intervening is made. The model can be divided in several main parts: (i) degradation
process; (ii) inspection process; (iii) maintenance process; (iv) modelling of the maintenance
actions; and (v) periodicity of the cleaning operations.
In Figure 2, the degradation process is depicted by five places (p1 to p5) and four timed transitions (t1 to t4). Each place denotes a condition level defined in the classification system adopted,
where places p1 and p5 represent, respectively, the best and worst condition level of the classification system. The timed transitions, located between places, model the transition times of moving
between different condition levels. The transition times are samples from the appropriate distributions that can be obtained by studying the degradation characteristics of the NSC (Le and Andrews, 2016). The classification system adopted (Table 1), proposed by Silva et al. (2011), is
based on visual inspections of the extent of the cladding area affected by the different anomalies.
The severity of degradation index, Sw, is defined with the intent of expressing the overall degradation condition of these claddings, and is given by the ratio between the area affected by the defects

703

Cláudia Ferreira, Ana Silva, Jorge de Brito and Luís C. Neves

observed in a NSC, weighted according to their severity, and a reference area equivalent to the
total cladding area with the highest possible level of degradation (Equation 1) (Silva et al., 2016).
𝑆𝑆𝑆𝑆𝑤𝑤𝑤𝑤 =

(1)

∑�𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛 × 𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛 × 𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎,𝑛𝑛𝑛𝑛 �
𝐴𝐴𝐴𝐴 × ∑ 𝑘𝑘𝑘𝑘

where Sw represents the severity of degradation (in %), k the multiplying factor corresponding to the highest degradation condition level of the cladded area A, An the cladding area affected by any defect n (in m2), kn the multiplication factor for the defect n, in terms of their
degradation condition, and A the total area of the NSC (in m2). More information about the
classification of defects and the determination of Sw can be found in Silva et al. (2016).
Table 1. Degradation conditions for natural stone cladding.

Degradation condition
Condition A: No visible degradation
Condition B: Good
Condition C: Slight degradation
Condition D: Moderate degradation
Condition E: Generalized degradation

Severity of degradation
Sw ≤ 1%
1% < Sw ≤ 8%
8% < Sw ≤ 20%
20% < Sw ≤ 45%
Sw ≥ 45%

The inspection process is modelled through the cycle formed by nodes: p6 - t6 - p7 - t5 - p6
(Andrews, 2013). A token in place p6 means that an inspection should not be performed at
that time and enables transitions t6 that manages the time intervals between inspections, θ. A
token in place p7 means that it is time to perform an inspection, enabling several actions. First,
it enables one of the transitions t7 to t11. The firing of one of these transitions allows revealing
the true condition of the cladding. A token in places p8, p9, p10, p11 or p12 means, respectively,
that the true condition of the cladding is A, B, C, D or E. After that, transition t5 is enabled,
which causes the token in place p7 to return to place p6 to wait for the next inspection.
The maintenance process is represented by places p13 to p32 and by the transitions t12 to t40.
Here, the available types of interventions are analysed, according to the observed conditions.
In the proposed methodology, three intervention levels are considered: cleaning operations,
minor and major interventions. This information is introduced in the model through places p13
to p27. Tokens in places p13 to p17 mean cleaning operations must be done, in p18 to p22 that a
minor intervention is needed, and in p23 to p27 that a major intervention is required. If there is
no token in these places, no interventions are performed. Otherwise, if, for the same condition, there is more than one type of intervention available, the highest impact intervention is
performed. A token in places p28, p29, p30 or p31 indicates, respectively, that no intervention,
cleaning operations, minor or major interventions are required. After that, the token returns to
the degradation process by place p32 and transitions t36 to t40.
In Figure 2, the cleaning operations is modelled by places p33 to p36 and by transitions t41 to
t45. The marking of places p33, p34 or p35 means, respectively, that the cleaning operation,
when applied, has the effect of improving the condition, supressing the degradation process or
reducing the deterioration rate. Then, depending on the impact of the cleaning operation on
the cladding, only one transition can be fired. For the minor (places p37 to p40 and transitions
t46 to t50) and major (places p41 to p44 and transitions t51 to t55) interventions, the same methodology is implemented.
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In this model, the periodicity of the cleaning operations is considered through places p45 to
p49 and timed transitions t56 to t60. The introduction of the information that this intervention is
available in a given condition level is performed by placing tokens in places p45 to p49. Transitions t56 to t60 are associated with a delay that allows, at the end of θclean time units, the tokens
present in places p45 to p49 to be returned to places p13 to p17, allowing cleaning operations to
be performed at the next inspection time, if the imposed constrains are complied with.

4 Case Study: Natural Stone Claddings
The case study under examination is composed of 203 NSC directly adhered to the substrate,
located in Portugal. The degradation condition of each cladding in the data set was analysed
based on in situ visual inspections. The methodology described, was applied to analyse the
degradation of NSC over their lifetime. A 150-year time horizon was considered and the cladding is expected to be in perfect conditions at the beginning of the analysis (in condition A).
4.1 Probabilistic Analysis of the Deterioration Process
To find the best distribution that describes the degradation characteristics of the NSC, the degradation process (without maintenance) is applied to the complete sample. Table 2 shows the
optimized estimation parameters obtained for the three distribution functions (Exponential,
Weibull and Lognormal) analysed, in terms of mean time in each degradation condition and
standard deviation, as well as the respective log-likelihood value.
Table 2. Optimal parameters obtained using the three distributions analysed.

Distributions
Exponential
Weibull
Lognormal

TA
5.8
4.1
4.2

Mean [years]
TB
TC
TD
51.6
84.9 1.67×107
42.9
22.4
49.9
44.0
24.3 1.54×106

Standard deviation [years]
TA
TB
TC
TD
5.8
51.6
84.9 1.67×107
7.0
10.3
1.4
2.4
11.3
13.3
0.3
2.50×107

-log L
161.89
125.56
127.12

The parameters of the probability density function are fitted to the historic database based
on the concept of maximum likelihood (Kalbfleisch and Lawless, 1985). The likelihood, L, is
defined as the predicted probability of occurrence of the observed transitions (Equation 2).
𝐿𝐿𝐿𝐿 = � � 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ⟹ log 𝐿𝐿𝐿𝐿 = � � 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(2)

where pij is the probability of transition from deterioration condition i to j.
The results allow concluding that two-parameter distributions (Weibull and Lognormal)
show a better adjustment to the data set than the Exponential distribution. Since Weibull distribution is the one that shows a minor log-likelihood, log L, value and, consequently, a better
fit to the historical data, this distribution is chosen to sample the transitions times that specify
the movement between different conditions levels.
4.2 Maintenance Strategies and Costs
In this study, three Maintenance Strategies (MS) are considered: (i) major intervention only
(MS1); (ii) combination of minor and major interventions (MS2); and (iii) combination of clean-
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ing operations, minor and major interventions (MS3). The different strategies were defined based
on previous works and on experts’ judgement. Table 3 presents the fixed costs, application zones
and impacts of the different types of interventions considered. It was assumed that an Alpinina
marble cladding, directly adhered to the substrate, was used. For example, a cleaning operation of
NSC has a cost of 31.37 €/m2, is applied in condition B and improves it to condition A with a
probability of 15% or causes no significant improvement with a probability of 85%. Regarding
the inspections, a deterministic periodicity of 5 years is considered.
Table 3. Fixed costs, application zones and impacts of the different types of interventions considered.

Interventions

Cost [€/m2]

Inspections
Cleaning operations
Minor interventions
Major interventions

1.03
31.37
68.80
149.51

Application
zone
All
B
C
D, E

Impact of the maintenance actions [%]
PA
PB
Pc
15.0
85.0
80.4
19.6
100.0
-

4.3 Comparison of the Different Maintenance Strategies
Figure 3 compares the degradation curves obtained for the three MS and for the situation
without interventions. The results show that the proposed MS have a significant impact on the
mean severity of degradation. For all MS, the mean severity of degradation is less than 8%
(condition B), with MS3 showing the greatest variation over time.

Figure 3. Comparison of the degradation curves over time for all maintenance strategies.

On the other hand, if the cumulative costs are analysed (Figure 4), MS2 has the lowest cumulative costs when the discount rate is 0% (Figure 4a) and MS1 for a discount rate of 6%
(Figure 4b). For both rates, MS3 is the one with the highest cumulative maintenance costs.
The discount rate is used to balance the initial investment costs against the future maintenance cost. Since this parameter is difficult to predict, two extreme values were considered to
assess the sensitivity of the results. Its choice is mainly a political decision, and the value usually ranges between 4% and 6% (van Noortwijk and Frangopol, 2004).
Finally, the number of interventions and the remaining service life for the three MS are analysed (Figure 5). According to Silva et al. (2016), the end of the service life of a NSC varies

706

Cláudia Ferreira, Ana Silva, Jorge de Brito and Luís C. Neves

between 68 and 90 years. The end of the service life occurs when a major intervention is performed. If the first major intervention is analysed (Figure 5a), for MS1, in year 85 there is a
probability of 90% of NSC having been replaced at least once. The value agrees with the
range suggested by Silva et al. (2016). On the other hand, for MS2, in year 150 there is only a
58% probability that the NSC has been replaced at least once, and, for EM3, this percentage
in the same year is reduced to 28%. From this it results that combining major intervention
with other intervention works, such as minor interventions and cleaning operations, increases
the service life of NSC. Similar observations can be made for the minor intervention (Figure
5b). Considering cleaning operations in MS3 postpones the need of a minor intervention.

Figure 4. Comparison of the cumulative costs over time for all maintenance strategies.

Figure 5. Comparison of the cumulative distribution function of the number of interventions.

5 Conclusions
In this study, a maintenance model, based on the PN formalism, is proposed to analyse the impact
of different MS to control deterioration conditions of NSC. In the proposal methodology, three
MS are analysed. These are composed by three different intervention levels: cleaning operations,
minor and major interventions. The results reveal that: MS1 presents the lowest cumulative cost
for a discount rate of 6%. In MS1, only replacement of the cladding is considered, which does not
allow improving the condition over time, as well as its service life. MS3 shows the best degradation results but leads to the highest cumulative costs over the claddings’ lifetime. MS2 seems to
be the most rational and adequate solution, according to the model’s assumptions, since it allows
increasing the service life and the cumulative costs are competitive when compared with those of
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MS1. However, in the end, the choice of the best MS is always assumed by the building managers
and/or owners and depends on their budgets and target condition for the cladding.
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Abstract. This examined the performance of the iron-foil sensor in concrete and its relationship with
the amount of chloride in the solution simulating concrete. The corrosion sensor reacted at a chloride
ion concentration of 500 ppm. From the results, it was inferred that the sensor has a high sensitivity.
Furthermore, to evaluate the performance of the sensor, it was built a wireless system using
radio-frequency identification (RFID), embed it into an actual concrete structure, and subsequently
initiate observation.
Keywords: Corrosion, Sensor, Chloride Ion, Monitoring, Solution Simulating Concrete.

1 Introduction
Corrosion of the internal steel in reinforced concrete structures is a degradation phenomenon
that causes cracks and significantly reduces structural strength. The ASTM C876-15 (2015)
standard self-potential method and polarization resistance method of the CEB Working Group
(1997) are widely used methods of confirming the soundness of the internal reinforcing steel.
However, since those methods require running cable to the reinforcing steel, in practice they
can require breaking parts of the structure. Even if the cables are installed in advance, it is
difficult to ensure their long-term durability. Moreover, those methods represent a post hoc
diagnostic approach that checks for corrosion for purposes of corrective maintenance. Once
corrosion is confirmed, deterioration has likely already advanced.
For this reason, Lee and Shin (2003) and Takewaka and Yamamoto (2001) have been
developing and studying sensors for monitoring corrosion in steel. In order to enable
preventive maintenance by predicting the possibility of corrosion in advance, many of these
sensors electrically identify corrosion, not in the reinforcing steel itself but in steel materials
that act as a proxy for the reinforcing steel. Therefore, the sensors are able to identify
corrosion with no damage to the structure. Furthermore, by identifying the risk of corrosion of
the reinforcing steel at an early stage, the sensors enable a more efficient consideration of
follow-up countermeasures.
We have developed a corrosion environment sensor that consists of a reinforced iron-foil.
If the corrosion factors reach the sensor, the sensor itself will corrode and rupture. The sensor
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is designed to detect the occurrence of corrosion by sensing the change in electrical resistance
when the rupture occurs. To evaluate the performance of the corrosion environment sensor,
we varied the concentration of chloride ions in a simulated concrete test solution and
determined the point at which the sensor ruptured, thereby verifying the sensitivity of the
corrosion environment sensor to the chloride concentration.
In order to develop the corrosion environment sensor into a practical system, we
additionally designed a completely non-destructive monitoring system using passive
radio-frequency identification (RFID), a close-proximity wireless technology, and installed it
in an actual structure for use as a measurement and monitoring system.

2 Structure and Mechanism of the Corrosion Environment Sensor
The sensor consists of a circuit formed on an iron-foil positioned on top of a resin film as
shown in Figure 1. The iron-foil is 0.01 mm thick and made of pure iron. The circuit is similar
to a simple single conducting wire. When measured, the value of the electrical resistance
between both ends is 15 Ω or less. However, if the sensor itself becomes corroded enough to
disconnect, it will show a resistance of 100 Ω or more. Precious metals are deposited on the
surface at the ends of the iron-foil to serve as cathode electrodes, making the film highly
sensitive to corrosion. As shown in Figure 2, the iron-foil sensor is integrated into a ceramic
housing and the surface is covered by mortar. This structure is designed to maintain an
alkaline environment that prevents corrosion due to atmospheric factors, such as humidity.

Iron-foil

Figure 1. Appearance of the corrosion sensor.

3 Performance Testing of the Sensor
Since the sensor is made of iron, which is the main component of the reinforcing steel inside
the concrete, it also suffers corrosion as corrosion factors from the environment penetrate into
the concrete, increasing the risk of corrosion of the reinforcing steel. The sensor simply
evaluates whether or not the iron has corroded, but cannot determine the cause of corrosion.
Although corrosion degradation of reinforcing steel is thought to occur due to multiple
factors, the main factors include the rupture of the passive film due to salinity, reduction of
alkali anti-corrosion protection due to carbonation, and penetration of moisture and oxygen.
In Japan, the specifications of the Japan Society of Civil Engineers warn that steel corrosion
occurs when the concentration of chloride ions in the concrete reaches 1.2 kg/m3 or higher.
There are also regulations in each country on the permissible chloride concentrations in the
materials that make up concrete. In Japan, the concentration is generally capped at 0.30 kg/m³.
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Figure 2. Overview of the corrosion sensor and its working.

From this perspective, we can evaluate the performance of the sensor by quantitatively
capturing the penetration of chloride ions, which can cause degradation, and determining the
relationship between the concentration of chloride ions and the detection performance of the
sensor.
3.1 Overview of Performance Testing of the Corrosion Environment Sensor
Performance testing of the sensor was conducted in a saturated calcium hydroxide solution to
mimic the internal environment concrete. This was done to maintain an environment of
uniform pH and chloride content in the solution and to make it easy to retrieve the sensor as
needed during testing to visually check the specimen (sensor) and the iron pieces used for
comparison.
Figure 3 shows the configuration of the environment for performance testing of the sensor.
An air pump was used to vent air into the saturated aqueous solution of calcium hydroxide.
The carbon dioxide in the air reacted with the calcium hydroxide test solution, preventing the
lowering of its pH, as indicated in Table 1. After the carbon dioxide was removed, the air was
fed into the test tank. We periodically measured the pH of the test solution to ensure that its
pH did not change.
If the sensor reached a resistance value of 100 Ω or more after the start of the test, it was
considered ruptured. We tested five sensors per test level.
3.2 Verification of Corrosion Rate Using Steel
In order to understand the corrosion rate of each chloride ion concentration in the simulated
concrete test solution, we immersed a sample of SS400 steel, of dimensions 20 × 80 × 2 mm,
in the solution using the same test equipment configuration used to test the corrosion
environment sensor.
To obtain the corrosion rate of the steel, we immersed a steel sample in each of the aqueous
solutions shown in Table 1 and measured the reduction in the mass of the steel before and
after the test. We tested five steel sheets per test level.
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Figure 3. Configuration of the corrosion sensor evaluation experiment.

Table 1. List of aqueous solutions used to test the corrosion rate of the steel sample.

sat.

Ca(OH)2
pH 12.3 to 12.5

Cl- (ppm)
200
500
1000
2000
5000

To obtain the reduction in the mass of the steel after rust removal, we immersed the steel in
a mixed solution of hydrochloric acid and corrosion inhibitors for a period of 36 days and
then measured its mass. We subtracted this value from the mass of the steel measured before
the test to obtain the reduction in mass.

4 Results of Performance Testing
4.1 Detection Performance of the Corrosion Environment Sensor
Figure 4 shows the time taken for each sensor to rupture. The earliest rupture occurred at the
chloride ion concentration of 5000 ppm. At the chloride ion concentration of 200 ppm, no
rupture was observed, even after 2500 hours. The graph shows that the sensor rupture time
tends to increase as the concentration of chloride ions decreases. In particular, the chloride ion
concentration of 500 ppm produced the longest rupture time, which was 1700 hours (about 70
days). The chloride ion concentrations of 500 ppm and 5000 ppm showed a difference in
average rupture time of about 1000 hours.
Figure 5 shows the result of converting the horizontal axis of Figure 4 to represent the
relative concentration between Cl- and OH- at a pH of 12.1. The sensors ruptured when
Cl-/OH- was 0.71 or greater. There are various theories about steel corrosion thresholds based
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on Cl-/OH-, but given that our test results are within the range of 0.6 to 1.0 reported of D. A.
Hausmann (1967) in related literature, we can conclude that the sensor is able to rust and
rupture with reasonable sensitivity.
2500

Number not ruptured

5

0

0

0

0

Rupture time (h)

2000
1500
1000
500
0

10

100

1000

10000

[Cl-] / ppm

Figure 4. Rupture time of corrosion environment sensor at each chloride ion concentration.
2500

Rust limit Cl-/OH- = 0.71

Rupture time (h)

2000
1500
1000
500
0
0.01

0.1

1

10

100

Cl- / OH-

Figure 5. Relationship between sensor rupture time and Cl-/OH-.

4.2 Results of Steel Corrosion Rate Test
Figure 6 shows the corrosion rate of steel in the different aqueous solutions. In this test, the
steel in the test solution with a chloride ion concentration of 200 ppm showed a corrosion rate
of 0 mm/y, i.e. no corrosion. As the concentration increases from 500 ppm, the corrosion rate
also increases. These results are similar to the differences in the rupture time of the sensors
shown in Figure 4. At the chloride ion concentration of 500 ppm, a very small corrosion rate
of 0.0001 mm/y was observed. Since the corrosion rate of steel in seawater is 0.1 mm/y, the
fact that the sensor ruptures under conditions at which the corrosion rate of steel is
approximately 0.001 mm/y suggests that the sensor has a highly sensitive reaction to the
chloride ion concentration.
In alkaline environments, steel tends to form a passive film due to the supply of oxygen. In
our testing environment, the air pump is used to inject oxygen partial pressure into the
simulated concrete test solution under conditions that are close to natural. In evaluating the
corrosion rate, it is important to prevent excessive increases in the oxygen partial pressure.
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Figure 6. Corrosion rate of steel at each chloride ion concentration.

5 Measurement System of the Sensor
As explained above, the sensor detects whether the environment has become corrosive by
measuring the electrical resistance in the sensor itself. This makes it easy to identify a
corrosive environment by embedding the sensor in the structure and measuring the electrical
resistance with a simple tester through a cable. However, to evaluate the corrosion
environment inside an actual concrete structure, it is necessary to expose the cable to the
outside environment for a long period of time, which may cause corrosion of the metal in the
connectors or deterioration of the cable due to ultraviolet rays.
We therefore investigated ways to take sensor measurements wirelessly. We developed a
wireless measurement system that uses passive RFID, a technology widely used for electronic
money transfers. This system does not require a battery on the sensor itself. Figure 7 shows
how the sensor is connected to the passive RFID.
The sensors and passive RFID units were connected by cable and embedded inside the
structure. To measure the electrical resistance of the sensor, an electromagnetic wave was
transmitted from the antenna of the RFID reader/writer to the RFID unit embedded in the
concrete, and the measured output value was then returned to the RFID reader/writer. This
system is powered by the electromotive force generated inside the RFID large-scale
integration (LSI) chip.
This system enables completely non-destructive measurement with no need to expose the
cables to the surface of the structure. To take a measurement, an electromagnetic wave is
simply transmitted from the RFID reader/writer to the surface of the structure in which the
RFID unit is embedded. The embedded sensors and RFID units do not require batteries,
making them ideal for long-term maintenance without the hassle of battery replacement.
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Figure 7. Configuration of the RFID corrosion sensor.

6 Examples of Application of the Sensor and Measurement System
The measurement system of the sensor is often used in concrete structures with high risk of
steel corrosion. Major applications include port structures, such as lighthouses and piers, and
road structures, including bridges where penetration of chloride ions from antifreeze agents is
a concern.
The sensor has also been used to evaluate the repair effects of concrete structures. Figure 8
show the application of the sensor to bridge pier repairs. The subject bridge was constructed
in 1973, in Hokkaido, Japan, and has undergone one round of repairs in 2007 following the
occurrence of rebar corrosion-induced flaking. However, in just two years, the repaired area
degraded. Therefore, we placed these sensors at six locations on the bridge following a second
round of full-scale partial patching in 2011. Subsequently, corrosion was measured, once a
year, for five years, followed by another measurement in the seventh year. One of the sensors
detected salt-induced corrosion at a location, while the other five locations were observed to
be stable. We confirmed that there was no issue with the measurement performance of the
sensor, and established its durability and utility as an effective maintenance management
system. Corrosion at the subject structure will be measured again in 2021 and subsequent
repair plans will be made based on the measurements captured by the sensors.

Figure 8. Application of the system to bridge pier repairs.
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7 Conclusions
We verified the performance of a corrosion environment sensor made of iron foil by
measuring how long it took the sensor to identify corrosion under several different conditions
corresponding to different chloride ion concentrations in a simulated concrete test solution.
The following results were obtained:
- The corrosion environment sensor ruptured due to corrosion in environments with a
chloride ion concentration of 500 ppm. The higher the chloride ion concentration, the
shorter was the time to rupture.
- The fact that the sensor ruptures in an environment with a chloride ion concentration of
500 ppm, which corresponds to a corrosion rate of 0.001 mm/y, suggests that it has a
highly sensitive reaction to the chloride ion concentration.
- By adopting passive RFID as the communication interface to the corrosion environment
sensor, we were able to build a practical preventive maintenance system against steel
corrosion.
- We were able to demonstrate the long-term durability of the sensor system based on
passive RFID by applying it to repair work on real structures and maintaining it for seven
years with no failures.

8 Future Work / Discussion
This sensor provides a simple way to determine whether the risk of corrosion increased in the
environment around the sensor by detecting corrosion in iron as a proxy for corrosion in
reinforcing steel. A variety of factors is involved in the corrosion of steel in actual structures,
including the type of cement, formulation of the materials, and progress of carbonation. In
this paper, we evaluated the performance of the sensor by focusing on the chloride ion
concentration.
In the future, we plan to verify the performance of the sensor by focusing on other
parameters, such as changes in the pH of the concrete, and to quantitatively evaluate the
penetration of multiple corrosion factors into the concrete.
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Abstract. The sealant that fills the joints of an exterior walls of building is subjected to weather loads,
such as sunlight, ambient temperature, and rain, as well as a movement of the joints. As a result, the
sealant gradually deteriorates under the combined deterioration factors of weathering and movement.
Meanwhile, the results of a 15-year outdoor dynamic exposure test conducted in Japan using the
methodology of ISO 11617 showed that the progress of damage varies greatly depending on the type of
sealant and the stress relaxation rate. However, the mechanism of damage progression is unclear. In
the present study, we focused on the load when the sealant moves and developed a load-measuring
apparatus as the first step in clarifying the relationship between the progress of damage and the load.
The load was measured at −20, 23, and 40 °C for test specimens with different stress relaxation rates,
and it was confirmed that the developed load-measuring apparatus was able to measure the load
correctly. Furthermore, it was shown that it is difficult for the stress of the sealant with a high stress
relaxation rate to relax over time at low temperature but easy at high temperature, and the load
increases when switching from the compressed state to the extended state.
Keywords: Joint Sealant, Load Measuring Apparatus, Joint Movement, Deterioration, Durability.

1 Introduction
The sealant used for a joint of an exterior wall is affected by various environmental factors,
such as ultraviolet rays, the air temperature, and rain, and is gradually degraded by movement
of the joint. In Japan, in the 15 years since 1992, dynamic outdoor exposure tests were carried
out at three locations having warm, subtropical, and cold climates using a variable sealant as
defined by ISO 2014: 11617. It was found that most sealants deteriorated remarkably at the
subtropical location where irradiation by ultraviolet rays was strong. However, for some
sealants (having a high stress relaxation rate), the damage depth (Df value) near the adherend
was more remarkable at the warm and cold locations than at the subtropical location as shown
in Fig. 1. It was believed that this was due to the load that the sealant received when movement
occurred.
However, few studies have clarified the damage to sealants in terms of the load they are
subjected to during service life. Further, commercially available accelerated testing machines
are either accelerated weathering or fatigue testing machines, most studies have been limited to
either of them. In the case of a material, such as a sealant, in which deterioration progresses due
to the combined action of the weathering and the movement, it is desirable to verify the
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durability by an acceleration test in which the weathering and the movement are simultaneously
loaded.
In this study, as a first step to explain the mechanism by which deterioration is more intense
in cold regions, we aim to develop an apparatus that measures the load applied to a sealant when
both the weathering and the movement are combined. We fabricated prototype sealant with
different stress relaxation rates and verified whether the load acting on the prototype sealant
can be measured properly with a load-measuring apparatus.
More damaged in
subtropical region

Df value*

15

15

Cold region

12

Warm region
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region

9
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0
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10

0

0
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Test period (years)
Figure 1. Example results of an outdoor dynamic exposure test.
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2 Development of a Load-Measuring Apparatus
2.1 Load-Measuring Apparatus
To measure the load acting on the sealant when movement occurs, we developed a loadmeasuring apparatus as shown in Fig. 2. The ISO-type specimen shown in the figure is fixed to
the load-measuring apparatus using a fixing jig. The portion of the specimen on the handle side
is connected to a beam-type load cell, and the ball screw under the specimen portion is
connected to the handle. When the handle is manually rotated, the specimen portion on the
handle side moves horizontally, the sealant can be put into a compression or extension state,
and the load generated in the sealant at that time can be measured by the load cell. A guide
prevents displacement in the shear direction being applied to the specimen itself when
movement is applied to the specimen. The dynamic outdoor exposure tests described above
were carried out under various temperature conditions, and the temperature around the
specimen could change. However, because the load cell is highly sensitive to temperature, the
load cell is installed slightly away from the specimen so as not to be affected by temperature.
2.2 Prototype Sealant and its Stress Relaxation Ratio
As described above, sealants with high stress relaxation rates in the dynamic outdoor exposure
test degraded greatly in a cold region. Two prototype sealants with different stress relaxation
rates were therefore fabricated for testing in the present study.
The prototype sealants were two-component modified silicone sealants with different mixing
ratios of the base material and curing agent. The sealants were intended to have almost the same
moduli after standard curing but different stress relaxation rates.
To confirm that the intended sealants could be produced experimentally, test specimens of the
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Figure 2. Load-measuring apparatus.
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tensile adhesiveness test specified in JIS A 1439 were prepared using the prototype sealants
(cured at 23 °C and 50% relative humidity for 7 days and at 50 °C and 50% relative humidity
for 7 days, where the adherend was aluminum), and the stress relaxation rate was measured.
Each specimen was attached to a tensile testing machine, the specimen width was extended by
30% (from 12 to 15.6 mm), and the stress was measured when the specimen was held for 18
hours in this state. The temperature was 23 °C and the tensile rate was 50 mm/min.
The temporal variation of stress is shown in Fig. 3 while physical properties, including the
stress relaxation rate, are given in Table 1. The stress was a maximum when the specimen was
extended by 30% and it lowered immediately afterwards. The stress did not decrease
remarkably with time for specimen 1 having a low stress relaxation rate but lowered remarkably
until 18 hours for specimen 2 having a high stress relaxation rate. Moreover, the moduli were
almost the same, and it can be said that the aim of creating prototype sealants with almost the
same initial modulus but different stress relaxation rates was achieved.

Figure 3. Temporal variation of stress.
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Table 1. Physical properties of prototype sealant after standard curing.

Specimen

Stress relaxation
rate*1(%)

Specimen1

36

Tensile adhesion*2
M50
(N/mm2)

Tmax
(N/mm2)

Emax
(%)

0.18

0.30

677

Specimen2
88
0.15
0.31
758
*1: Stress relaxation rate (%) = (Maximum stress -Stress after 18 hours) / MaximumStress × 100,
Tensile speed 50 mm/min, Temperature of 23 ° C
*2: M 50: 50% modulus, Tmax: ultimate tensile stress, Emax: elongation at Tmax

2.3 Load-Measuring Procedure
To determine whether the load can be measured properly with the load-measuring apparatus,
the joint width was compressed by 30% (from 12 to 8.4 mm) and held for 24 hours, and then
extended by 30% (from 12 to 15.6 mm) and held for 24 hours, and the load was measured. The
movement was realized manually as described above. The speed of movement was set to 50–
100 mm/min with some variation.
As described above, there was more remarkable damage at the warm location and cold location
than at the subtropical location in the dynamic outdoor exposure tests, and the present
experiment was thus conducted taking the ambient temperature around the test specimen as a
variable. The temperature conditions in the present experiment were set at three levels: a low
temperature (−20 °C), normal temperature (23 °C), and high temperature (40 °C). The lowtemperature condition was realized with a commercially available freezer, the normaltemperature condition with a constant-temperature and constant-humidity room, and the hightemperature condition with a box lined with insulating material and a planar heating element.
In cases of low and high temperature, only the temperature around the specimen was adjusted
while the temperature of the load cell was kept constant. The test commenced after confirming
that the internal temperature of the specimen was similar to the ambient temperature.
2.4 Test Results
Test results are shown in Fig. 4. For both specimens, the load peaked immediately upon
movement but rapidly decreased immediately after and continued to decrease gradually with
time. The decrease was remarkable for specimen 2 having a stress relaxation rate of 88% at
normal and high temperatures. In other words, when the stress relaxation rate was high, the
effect of temperature was strong, and the maximum load when switching to extension was large
especially at high temperature. Furthermore, there was cohesive fracture during switching to
extension at high temperature, and fracturing continued to progress even during holding in
extension. The stress after 24 hours of compression had greatly relaxed, and it is thus considered
that the sealant adapted to the compression state and the change due to the load generated in the
next extension became large.
Table 2 shows the stress relaxation rate for extension. The stress relaxation rate at normal
temperature (23 ° C) was slightly lower than that given in Table 1, which was measured by a
tensile testing machine, because the specimen was extended after the compression state was
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maintained. However, the difference in the stress relaxation rate was clearly well measured by
Table 2 shows the stress relaxation rate for extension. The stress relaxation rate at normal
temperature (23 ° C) was slightly lower than that given in Table 1, which was measured by a
tensile testing machine, because the specimen was extended after the compression state was
maintained. However, the difference in the stress relaxation rate was clearly well measured by
the developed load-measuring apparatus, and it is considered that the change in stress with time
can be appropriately measured even if the temperature of the environment changes.

Figure 4. Temporal variation of stress.
Table 2. Stress relaxation rate measured by the load-measuring apparatus.

Specimen

Stress relaxation rate in extension as measured by the load-measuring apparatus *1 (%)
Low temperature(-20℃)

Normal temperature(23℃)

High temperature(40℃)

Specimen1

50

11

30

Specimen2

61

72

92

3 Conclusion
The main contributions of the present study are as follows.
- We have developed an apparatus for measuring the load on a sealant during movement.
Although an apparatus can handle any deformation rate, any temperature environment,
any speed, and any movement period, it is difficult to perfectly match the movement
speed each time because it is manually operated at present. Therefore, it is planned to
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-

-

develop a load-measuring device for automatically generating a movement in the future.
In order to verify the validity of the apparatus, we measured the load when 30%
deformation was given at temperature (23 ° C), high temperature (40 ° C), and low
temperature (-20 ° C) using two kinds of modified silicone sealants with different stress
relaxation rates, it was found that the load gradually relaxed after compression and
extension at normal temperature and high temperature but hardly relaxed at low
temperature for prototype sealant with a stress relaxation rate of 88%. Meanwhile, the
prototype sealant with a stress relaxation rate of 36% was hardly affected by temperature.
The effect of temperature on the load can be measured using the load-measuring
apparatus. It was shown that the effect of temperature on the load can be measured using
the load-measuring apparatus.
Although the purpose of this study was to develop of a load-measuring apparatus, our
ultimate goal is to clarify the occurrence of sealant damage from the viewpoint of the
load applied to the sealant. Therefore, in the future, it is planned to carry out repeated
load measurement while applying other weathering such as ultraviolet rays by changing
the type of sealant, stress relaxation rate, and deformation.
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Abstract: The objective of financial management of construction companies is to generate profit and
provide financial stability. Financial stability is provided by managing the amount of both fixed and
current assets, the amount of equity and external capital. Therefore, in order to reach the objective of
financial management, it is necessary to comply with the basic financial rules. In the framework of
nationwide analyses of economic indicators for different industries, there is data published on the
website of the Ministry of Industry and Trade, which, however, apply to all construction companies. For
this reason, the authors of the article focused on individual subcategories of construction companies
(small, medium and large), which are defined by turnover, assets and number of employees. The
research studied whether these subcategories fulfil all or part of the basic financial rules, including the
following rules: golden rule of risk equalization: the ratio of own and external resources should be in
the ratio of 1:1, golden balance rule: fixed assets should be covered by long-term resources; golden
“pari” rule: fixed assets should be covered by equity. The research also monitored the structure of
assets, i.e. the ratio between fixed and current assets and was based on elementary methods of financial
analysis (vertical and horizontal methods). The outputs of the paper will be further used for the next
step of the research, which will focus on tax optimization of individual categories of construction
companies in relation to financial management of fixed assets.
Keywords: Financial Management, Construction Companies, Basic Financial Rules, Vertical and
Horizontal Methods, Financial Analysis.

1 Introduction
Financial management of companies, not exclusively construction companies, represent one
component of important strategic management in terms of managing the entire economic
development of the company. Financing is not only reflected in the indebtedness of the selected
company and its liquidity, but also in providing cost-effectiveness, i.e. profitability. It is
important to create a positive economic result for any viable company. This can be achieved by
different financial resources. In general, the definition says that external sources of financing
are always cheaper than own sources of financing (Srpová, Řehoř et al., 2010). The Ministry
of Industry and Trade publishes quarterly, semi-annual and annual statistics on financial
indicators for individual sectors. Financial indicators relate not only to the percentage share of
fixed assets on total assets, external resources of financing on total liabilities, and other
indicators resulting from the vertical analysis of financial statements, but also ratios such as
liquidity of all three levels, return on equity, indebtedness and others. In these statistical
surveys, the above-mentioned indicators are kept by industrial sectors. This means that the
closest sector to this research is construction industry, which is further divided in these statistics
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into building construction, civil engineering and specialized construction activities. The total
number of samples for the whole Czech Republic for these statistics was 85 companies.
However, these statistics do not reflect the size of the company. The Accounting Act divides
companies as accounting units into micro, small, medium and large according to their size,
where the criteria for classification into a certain category are the amount of assets, the amount
of turnover and the number of employees. For the above-mentioned reasons, the research was
focused on the survey of selected financial indicators according to the categories corresponding
to company sizes. The selected financial indicators for the research were mainly: the percentage
share of fixed and current assets on total assets, percentage share of own and external capital
(financial resources) on liabilities and other indicators that confirm basic financial rules for each
size category of construction company doing business in the construction industry.

2 Present State References
Act No. 563/1991, on Accounting (1991) in Section 1b defines the categories of accounting
unit sizes (companies) as micro, small, medium and large. This division is governed by the
balance sheet data, at which the thresholds for the amount of assets, the total net annual turnover
and the average annual number of employees are defined. EU Recommendation 2003/361/EC
(2003) of 6 May 2003, published by the Ministry of Industry and Trade and the Office for the
Protection of Competition, also defines the sizes of companies as micro, small and mediumsized companies. This definition, as well as the Accounting Act, deals with the amount of assets,
the total net turnover and the average number of employees.
Srpová and Řehoř et al. (2010) in their book determine the basic rule of financing, which is
related to time and states that fixed assets cannot be financed by short-term resources. From
this definition it therefore applies that for proper financing, fixed assets should be covered by
long-term resources.
Another financial rule is the risk equalization rule (Srpová, Řehoř et al. 2010), which states
that the ratio of own and external resources should be 1:1, over time the ratio has changed to
1:2, and also to 1:3.
In her book, Kislinger (2007) defines the golden “pari” rule which states that fixed assets
should be financed by company's own resource.
Biliavska, Mizunska and Yurii (2019) assessed the real financial status of both, identifying
possible ways to improve the management of the existing assets of the two companies and the
companies´ compliance with the golden rule of financing was analysed.
In the second paper, Biliavska, Mizunska and Kovalchuk (2019) assessed liquidity of two
companies and the basic problems of the unstable financial condition of the companies
determined with the help of calculated coefficients and the steps expedient for stabilization of
the situation suggested.
Viszlai (2015) in his paper analysed structure of assets and capital structure in different forest
companies and searched for differences between the model situation and real conditions. He
used three basic financial rules for assessing and analysing assets and capital structure - golden
rule of financing, current ratio and one to one rule.
Isik and Meric (2009) in their paper challenged the proposition that the golden rule of public
sector borrowing its consistent with the principle of intertemporal allocative efficiency.
Groneck (2010) compared growth and welfare effects of various budget rules within an
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endogenous growth model with productive public capital, utility enhancing public consumption
and public debt. He found out that introducing a fixed deficit regime does not affect the long
run growth rate compared to a balanced budget while establishing a golden rule results in higher
growth.
Konečný (2013) in the paper studies whether the golden rules of financing are (or are not)
respected depending on financial strategy in the sub-phases of the company life cycle.

3 Methodology
From a methodological point of view, the research was run on 17 samples for all categories of
construction companies. The principle that at least 5 samples should fall within a given category
has always been observed. In order to obtain input data from public sources, just the following
categories were taken into account: small, medium and large. Financial statements from the
website www.justice.cz, where financial statements for each accounting period are published,
were used as input data. The period 2009–2017 was taken as the monitored period.
Individual categories of company sizes are defined by Act No. 563/1991 Coll., On
Accounting, as follows:
− Small companies: total assets totalling at CZK 100,000,000, annual total net turnover
of CZK 200,000,000, average number of employees 50; must not exceed at least 2
of the specified limits,
− Medium-sized companies: total assets totalling at CZK 500,000,000, annual total net
turnover CZK 1,000,000,000, average number of employees 250; must not exceed at
least 2 of the specified limits,
− Large companies: those that exceed at least 2 of the limits set out for medium-sized
companies.
Financial indicators were processed using the basic method of financial analysis, namely
vertical analysis. The principal of the vertical analysis is the ratio between the examined
quantity and the basic quantity stated as a percentage.
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑒𝑒 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞

∗ 100

(1)

The basic financial rules for efficient and sound company management are based on three
pillars:
− 1st golden rule of risk equalization: the ratio of own and external resources should be
1:1,
− 2nd golden balance rule: fixed assets should be covered by long-term resources,
− 3rd golden “pari” rule: fixed assets should be covered by equity.
The Ministry of Industry and Trade (www.mpo.cz) in its statistical surveys and analytical
materials lists only some indicators that can be used for the golden rules of financing. These are
the indicators that assess the first golden rule of risk equalization and the third golden “pari”
rule. It is necessary to note that the resulting values represent only the construction sector, the
resulting values of the statistical survey do not reflect company size in any way. In the
monitored years, according to analyses by the Ministry of Industry and Trade, the annual
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percentages shares were as follows, see Tables 1 and 2.
Table 1. Ratio of own and external resources in the construction sector.
Year

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

Own resources (%)

35.20

37.31

38.56

40.96

40.68

40.53

40.12

45.30

45.49

44.23

External resources (%)

63.14

60.91

59.65

57.34

36.32

31.75

58.33

53.02

53.09

54.39

Table 2. Ratio of fixed and current assets in the construction sector.
Year

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

Fixed Assets (%)

27.93

30.44

32.17

29.93

33.04

33.61

34.37

33.78

33.71

32.78

Current assets (%)

71.21

68.93

67.09

69.12

66.17

65.80

65.08

65.74

65.71

66.75

The research therefore deals mainly with the differences in the individual golden rules of
financing, which were researched according to the company size and, to a lesser extent, also
the differences between the reported statistical surveys of the Ministry of Industry and Trade
and values based on company sizes.

4 Results
Following financial indicators were monitored within the research using the vertical method,
which is classified as an elementary method of financial analysis:
− own resources (equity)
− external resources
− fixed assets
− current assets
− long-term resources
− short-term resources
Within the individual golden rules, the research reached the following conclusions.
The first golden rule, which states that own resources of financing and external resources of
financing should be in ratio of 1:1 and are evaluated by a nationwide statistical survey of the
Ministry of Industry and Trade (see Table 1), was analysed according to the company size
categories in the 2009-2017 period as follows, see Tables 3 and 4.
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Table 3. Representation of own resources in individual categories of companies.
Year
Small
Medium
Large
Average

2009

2010

2011

2012

2013

2014

2015

2016

2017

47.82
53.94
28.33
43.36

60.98
55.71
29.15
48.61

64.20
47.67
29.84
47.24

67.69
47.84
29.79
48.44

61.30
49.37
29.08
46.58

69.85
46.03
29.18
48.35

76.32
45.98
29.24
50.51

71.29
42.11
26.25
46.55

66.10
42.04
30.28
46.14

Average
65.06
47.85
29.02
47.31

Table 4. Representation of external resources in individual categories of companies.
Year
Small
Medium
Large
Average

2009

2010

2011

2012

2013

2014

2015

2016

2017

52.18
44.50
69.71
55.41

39.02
43.34
68.82
50.40

34.15
51.76
68.74
51.55

32.18
51.45
68.78
50.80

38.25
50.13
69.87
52.75

29.86
53.09
69.49
50.81

23.51
52.38
69.58
48.49

28.51
57.16
72.54
52.74

32.96
57.25
68.37
52.86

Average
34.51
51.23
69.54
51.76

It is clear from the above-mentioned values that if we take into account the average values
of own and external resources for all companies, they almost reach the ratio 1:1, which would
confirm the first golden rule. However, if the average values of individual categories of
company sizes were analysed, it was found out that the golden rule of financing was not exactly
observed in any case. The analysis shows that small companies finance their activities more
from their own resources, on average they were at 65%, and large companies, on the contrary,
more from external resources, the average percentage share of external resources was about
70%. The medium-size companies were almost close to the 1:1 financing rule, where the
difference was 2%, which is negligible. When comparing the resulting average values given in
Table 3 and Table 4 with the average values calculated for the same period, i.e. 2009 - 2017
period by the Ministry of Industry and Trade listed in Table 1, it could be seen that withinown
resources the values differ by -7% and within external resources by +0.85%, which can be
considered as insignificant deviations in both cases. These deviations can be caused by two
factors, either a small sample for the research, or by several samples of one category of company
size in the statistical survey of the Ministry of Industry and Trade, which affected the resulting
values. It can be stated from the above analyses that the first golden rule of financing was almost
observed for the medium-sized companies, however, not for small companies, where own
resources are used more for financing and large companies, where external resources of
financing are more used.
The second golden rule - the golden balance rule states that fixed assets should be covered
by long-term resources (see Tables 5 and 7).
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Table 5. Representation of fixed assets in individual categories of companies.
Year
Small
Medium
Large
Average

2009

2010

2011

2012

2013

2014

2015

2016

2017

40.09
30.95
15.98
29.00

33.95
33.78
16.96
28.23

41.94
29.41
16.43
29.26

39.69
29.82
16.41
28.64

32.30
35.83
15.72
27.95

39.28
35.00
15.78
30.02

40.39
33.47
14.52
29.46

35.08
31.32
16.55
27.65

31.15
30.87
18.40
26.81

Average
37.10
32.27
16.31
28.56

Table 6. Representation of current assets in individual categories of companies.
Year
Small
Medium
Large
Average

2009

2010

2011

2012

2013

2014

2015

2016

2017

58.04
67.78
84.26
70.03

65.47
65.24
84.90
71.87

56.57
70.10
86.19
70.95

59.63
69.77
86.51
71.97

67.15
63.89
87.14
72.72

60.09
64.67
86.35
70.37

58.86
66.09
86.53
70.49

63.28
68.36
86.67
72.77

68.31
68.75
84.63
73.90

Average
61.93
67.18
85.91
71.67

Table 7. Representation of long-term financial resources in individual categories of companies.
Year
Small
Medium
Large
Average

2009

2010

2011

2012

2013

2014

2015

2016

2017

59.37
63.65
39.22
54.08

66.76
65.52
41.98
58.09

68.75
54.88
41.79
55.14

71.57
55.55
42.38
56.50

63.70
56.68
40.80
53.73

71.62
56.02
41.67
56.44

80.54
55.00
43.99
59.85

75.64
55.58
46.11
59.11

70.42
55.75
46.69
57.62

Average
69.82
57.62
42.74
56.73

Table 8. Representation of short-term financial resources in individual categories of companies.
Year
Small
Medium
Large
Average

2009

2010

2011

2012

2013

2014

2015

2016

2017

40.63
34.79
58.83
44.75

33.24
33.53
55.99
40.92

29.61
44.56
56.78
43.65

28.29
43.74
56.18
42.73

35.84
42.81
58.15
45.60

28.09
43.11
57.01
42.73

19.29
43.36
54.82
39.16

24.17
43.69
52.68
40.18

28.63
43.54
51.96
41.38

Average
29.75
41.46
55.82
42.34

From the above-mentioned values (see Tables 5 and 7), it can be concluded that the second
golden rule of financing was observed both in average values for all companies and for
individual categories of company sizes.
In general, it can be stated that all companies had more current assets than long-term assets.
A more significant difference in the share of fixed and current assets was in large companies,
where it is clear that a larger financial volume is held in current assets, i.e. in inventories,
receivables and cash, than in fixed assets. When comparing the resulting average values given
in Table 5 and Table 6 with the average values calculated for the same period, i.e. 2009–2017
period by the Ministry of Industry and Trade from Table 2, it can be concluded that within fixed
assets, the values differed by –3.55% and within current assets by +4.50%, which can be
considered as insignificant deviations in both cases. These deviations can similarly be caused
by two factors, either by a small sample used in the research, or by more samples of one
category of company size in the statistical survey of the Ministry of Industry and Trade, which
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would affect the resulting values.
Within the financial coverage of assets, long-term resources were used more in average
values, which include share capital, profit or loss, funds, reserves, loans and liabilities with a
maturity of more than 1 year. There was a more significant difference in small companies,
where long-term resources were significantly more used, especially the positive economic
result from previous years than short-term resources in the form of loans, credits or liabilities
with a maturity of up to 1 year.
The third golden financing rule - golden “pari” rule states that fixed assets should be covered
by equity (see Table 9).
Table 9. Average percentage share of fixed assets and equity for all analyzed companies.
Year
Fixed ass.
Own res.

2009

2010

2011

2012

2013

2014

2015

2016

2017

29.00
43.36

28.23
48.61

29.26
47.24

28.64
48.44

27.95
46.58

30.02
48.35

29.46
50.51

27.65
46.55

26.81
46.14

Average
28.56
47.31

It is clear from the values that the third golden rule of financing is fulfilled in all cases. This
is mainly due to the low volume of fixed assets in individual categories of company sizes and,
conversely, the greater share of own sources of financing. Items from the balance sheet such as
share capital, funds, economic result were taken into account as own sources of financing.

5 Conclusions
The aim of the paper was to analyse the financial management of construction companies
operating in the Czech Republic. Financial management of the companies was based on the
confirmation or rejection of three basic financing rules, which include the share between own
and external resources of financing, coverage of fixed assets by own and external long-term
sources, and coverage of fixed assets only by own resources of financing. A financial analysis
for individual industrial sectors published by the Ministry of Industry and Trade is published
once a year within the framework of statistical surveys and analyses. The sector selected for the
research corresponded to the basic activities of the companies analysed, namely construction
industry. However, the size of company is neglected in these analyses. Therefore, the research
was focused on examining financial management according to the company size. It was
concluded from the overall research survey that the second and third financing rules were
confirmed for all company sizes, unlike the first rule on company indebtedness was almost
confirmed for medium-sized companies. The analysis of indebtedness showed that small
companies use own resources more for financing their activities and, conversely, large
companies use external resources more for financing their activities.
This article represents a basic input into the overall investigation into the financial
management of companies according to their size. Further research will be based on the
investigation into the financial management of only fixed assets of companies with an impact
on the economic result and in the next step the impact on taxation. The size of the company will
be reflected in the subsequent research as well.
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Abstract. This work present to the mathematical model in the form of ANN, intended for projecting
concrete compressive strength. Input data was classified according to the type of component material
and its content in concrete mix (cement contents, coarse aggregate, fine aggregate, water and
admixtures). In order to determine mathematical model, a multilayer, one-way perceptron network
was used, recursion network with sigmoidal neurons. The model assumes that neurons are gathered in
some layers (one input layer, hidden layers and one output layer). The conducted cross-section of the
influence of variables parameters values (learning constant - α and momentum values - η) on the
accuracy of representation of compressive strength was analyses. Assessment criterion was assumed
taking into consideration the lowest mistake level and 100% compliance. According to the obtained
analysis results ANN was assumed the best representing network for constant value of momentum 0,3,
learning constant of 0,05 and 6 neurons in a hidden layer. Very good coincidence of component
models with experiment results was achieved. At testing stage, the coincidence was achieved at the
level of 99.74%, in case of the assumed network structure. During model verification by means of
experimental results, the average coincidence was 99.83%.
Keywords: Compressive Strength, Cement Concrete, Airfield Pavements, Neural Model, Artificial
Neural Networks.

1 Introduction
The knowledge of mathematical model defining concrete resistance depending on the type of
components and contribution thereto is interesting in terms of science and practice. Using
Artificial Neural Networks (ANN) for this purpose and the opportunity to apply thereof for
communications engineering and its particular applications are of the main interests of
researchers of this field and construction branch in its general aspects. Potential capacities of
ANN were proved, among others, in the following works (Bayrak et al., 2009; Bishop, 1995;
Ceylan et al., 2007; Kasperkiewicz, 2004; Kim et al., Manerowski et al., 2006;
Waszczyszyn, 2001). This work is an attempt to use ANN in order to design concrete
mixtures intended for airfield pavements, define properties of hardened concrete and project
the strength thereof. ANN provide the opportunity of structural dimensioning of susceptible
and rigid pavements (e.g. Bilgehan et al., 2010; Ceylan et al., 1684; Ioannides et al., Noorzaei
et al., 2007; Pożarycki, 2012; Thanoon et al., 2007; Urbańska et al., 2002). Using own
collected database containing strength, laboratory test results, the mathematical model in the
form of ANN, intended for projecting concrete strength, was presented. The essence of ANN
is the selection of network structure (the number of layers and the number of neurons in
particular layers) and defining the parameters thereof (constant values and weights).

doi:10.23967/dbmc.2020.150
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2 Materials and Methods
This research paper concerns the issue of projecting the compressive strength of concrete
intended for airfield pavements as far as structure durability is concerned. As a result of own
laboratory and field tests (e.g. Linek et al., 2016; Linek, 2017; Linek et al., 2018), the strength
of concrete containing various components of diversified contents were determined.
Consequently, the significant database was collected which enabled to prepare
mathematical model allowing to determine concrete strength. Application of ANN resulted
from the necessity to identify the diversification of compressive strength, which was the effect
of changes in case of aggregate composition of concrete mix. One of the basic parameters of
hardened concrete, which has the direct influence on the durability thereof in case of airfield
pavement, is compressive strength (Glinicki, 2011; Nita, 2005; Szydło, 2004). This property
depends on the diversified factors, among which there are the cement type and content,
amount of coarse and fine aggregate and agents added to the mix aimed at the improvement of
its parameters, and consequently also the parameters of hardened concrete. In case of each out
of 6500 mixes, coarse and fine aggregate.
The aggregate should be distinguished by high durability and frost resistance, abrasion and
polishing resistance and low absorbability. The designed aggregate compositions each time
complied with (PN-EN 206-1:2003) and (NO 17A 204:2015). Mix composition included
clean-clinker Portland cement in various amounts CEM I 42,5 (which fulfilled the
requirements of (PN-EN 197-1)) and water (complied with (PN-EN 1008:2004)), designing
diversified water-content ratio with reference to cement amount (w/c). Water-cement ratio
significantly influences concrete durability. Limit content of individual mix components have
been presented in the table 1.
Table 1. Limit component contents of the analyzed concrete mixes (content in kg/m3).
Elements content
Min / Max

Cement
335 / 380

Coarse aggregate
1149 / 1401

Fine aggregate
358 / 604

Water
120 / 150

Admixtures
0.0 / 6.4

On the 28th day since concreting, each sample, prepared and cured in accordance with the
requirements of (PN-EN 12390-2:2009), was subject to destructive tests by means of
hydraulic press in compliance with (PN-EN 12390-4:2009). Maximum force destructing the
sample, obtained according to the measurements, taking into consideration the assumed
constant loading speed of 0,5MPa/s, was the basis for defining compressive strength of
individual samples. The subject of further analyses included the samples which proved proper
nature of destruction, after destructive test, according to (PN-EN 12309-3:2009). In case of
each sample the compressive strength - fc was determined, according to fc = F/Ac, where F
refers to maximum load registered in the course of sample destruction, while AC refers to
cross-sectional area of the sample which is influenced by the compressive force. The strength
values obtained in this way were the input base to assess compressive strength of cement
concrete intended for airfield pavements using ANN. All obtained test results concerning
individual research series corresponded to the assumptions of the designed concrete classes
and they were statistically essential. Therefore, they were the reliable source of input data for
ANN identification, reflecting concrete strength in case of various compositions thereof.
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3 Data Preparation
Operation of neural network depends on the type of neuron which will be accepted. Among
the most commonly used, there are linear neurons, MLP, RBF, GRNN and Kohonen
(Ossowski, 2006; Tadeusiewicz, 1993). Neuron used in the course of network designing
process consists of output signal being the total of constant and relevant input signals
multiplied by weight. Output signal structure in case of the analyzed network has been
presented as follows (1):
𝑦𝑦𝑖𝑖 = 𝑆𝑆𝑖𝑖 + 𝑋𝑋�𝚤𝚤 (𝑖𝑖, 𝑖𝑖) ����
𝑤𝑤 𝑇𝑇 (𝑖𝑖, 𝑖𝑖)

(1)

In case of equation (2) input signals take the form of 𝑋𝑋�𝚤𝚤 = [ 𝑥𝑥i1 , 𝑥𝑥i2 … 𝑥𝑥𝑖𝑖𝑖𝑖 ], while the
corresponding weights 𝑤𝑤
���𝚤𝚤 = [ 𝑤𝑤i1 , 𝑤𝑤i2 … 𝑤𝑤𝑖𝑖𝑖𝑖 ]. The essence of the prepared network is to
determine individual weights and constants Si. Due to the fact that neurons have learning
opportunities, synaptic scales were used, which can provide variable values and which are the
basis for network learning. The applied activation function was presented by means of the
following: F(yi) = 1 / (1+exp(-2yi)). The assessment of representation accuracy of values from
the experiment and coefficients generated by neural network was defined on the basis of two
parameters. The first one is the average of the sum of squares of differences between the
values of outputs from the real structure (yrz i) and model (N) for experimental data (i = 1, 2,
..., N). The sum of squares of differences was determined according to the relationship (2).
2
(2)
∑𝑆𝑆
𝑖𝑖=1(𝑦𝑦𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖 − 𝑦𝑦𝑠𝑠𝑟𝑟 𝑖𝑖 )
∆ 𝑦𝑦𝑠𝑠𝑠𝑠 =
𝑁𝑁
However, the other parameter is the number of positive occurrences. Positive occurrences
are understood, as the figure among all measurements which comply with the: (ySNN i - yrz i)2 ≤
ε. Where yi reflects output values of real measurements, ii reflects output values from the
model, while ε refers to the determined value of 0.01. The significant factor which influences
the accuracy of projection of concrete strength by ANN is creating representative input
dataset to determine thereof. Input data was classified according to the type of component
material and its content in concrete mix. The following material types were considered: 9
types of cement, 17 types of coarse aggregate, 2 types of fine aggregate, 5 types of additives
and 6 types of mix consistency as technological parameter, influencing proper structure
performance related process. There were 6500 of diversified mix compositions collected, out
of which 70% was assumed as input database for ANN, 15% was intended for testing
purposes of the educated network, and the remaining 15% for network verification.
The selection of network structure is determined by the opportunity of feedback
occurrence. These issues, among others, have been discussed in detail in the following work
(Haykin, 1994), and their essence is the occurrence or absence of return connection (from
latter to previous neurons), according to recursion and one-way structure. For the research
paper purposes it was assumed that the feedbacks will not occur. Figure 1 presents schematic
normalization process of input signals X and output signals y performed using ANN of the
subject research paper. The results obtained as part of the conducted actual laboratory
experiments were considered as the data. In case of the data which was subject to
normalization, neural network was determined and then dimensional values thereof were
calculated. In order to determine mathematical model, a multilayer, one-way perceptron
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network was used, recursion network with sigmoidal neurons using JETNET 2.0 program
(Lónnblad et al., 1992). The software used for network learning includes algorithm of
moment method of backward mistake propagation (Rutkowski, 2005). ANN structure was
presented in Figure 2. The data collected in the course of experiments was referred to as input
layer of the prepared model. Input layer included 5 elements corresponding to individual
cement contents (C), coarse aggregate (Kg), fine aggregate (Kd), water (W) and admixtures
(D). The model assumes that neurons are gathered in some layers, among which there is one
input layer, hidden layers and one output layer. It was assumed that input signals will be
subject to normalization and have numeric values from 0 to 1. Among the available methods
(among others min-max, Z-score, zero-mean, decimal calibration) normalization was selected
in accordance with linear initial data transformation in compliance with: 𝑥𝑥�𝑙𝑙 = (𝑥𝑥𝑖𝑖 −
𝑥𝑥𝑚𝑚𝑖𝑖𝑖𝑖 )/∆𝑥𝑥, where 𝑥𝑥�𝚤𝚤 refers to normalized data, xi – particular real values, xmin – minimum
value of real values, while ∆x refers to the difference between maximum and minimum value,
i = 1, 2, ..., 5. Analogously for the output data in compliance with: 𝑦𝑦�𝑙𝑙 = (𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑚𝑚𝑖𝑖𝑖𝑖 )/∆𝑥𝑥.

a)

b)

Figure 1. a) Diagram of using ANN in the model of compressive strength value estimation; b) graphic model of
structure presenting the assumed multilayer artificial neural network.

4 Results
Analyses using artificial neural networks were conducted by means of NNair program
creating regressive model, where it was expected to provide a specific numerical value being
the solution to the problem. In case of the analyzed case this value was identified with the
assumed compressive strength value. In order to conduct cross-section analysis of the
influence of variables parameters values (α and η) on the accuracy of representation of
compressive strength, analyses including matrix of 90x90 elements. According to the
obtained results it was proved that the selection of α and η has significant influence on the
extent of the obtained representation.
Table 2. Influence of learning constant value α on the accuracy of compressive strength representation
(assuming constant value of momentum ɳ = 0.3 and ε = 0.01).
No
ANN
1-1
1-2
1-3
1-4
1-5
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α

η

0.03
0.04
0.05
0.06
0.07

0.3
0.3
0.3
0.3
0.3

Number of Number of neurons
inputs
5
5
5
5
5
5
5
5
5
5

Number of
outputs
1
1
1
1
1

Percentage of
positive events
100
100
100
99.6
99.4

Δ ysr
0.0034718
0.0031399
0.0028273
0.0025851
0.0024215
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Table 3. Influence of momentum valueα (from 0.3 to 0.7) on the accuracy of compressive strength
representation (assuming constant learning constant value of learning constant = 0.04 and ε = 0.01).
No
ANN
2-1
2-2
2-3
2-4
2-5

α

η

0.04
0.04
0.04
0.04
0.04

0.30
0.40
0.50
0.60
0.70

Number of Number of neurons
inputs
5
4
5
4
5
4
5
4
5
4

Number of
outputs
1
1
1
1
1

Percentage of
positive events
99.6
99.4
99.4
98.2
97

Δ ysr
0.0023666
0.0023475
0.0023339
0.0023255
0.0023281

Table 4. Influence of neurons number (5-10) in a hidden layer on the accuracy of representation of compressive
strength at constant value of momentum 0.4, learning constant 0.03 and ε = 0.01.
percentage of
positive
events
∆ 𝑦𝑦𝑠𝑠𝑠𝑠

5
100
0.0028273

the number of neurons in the hidden layer
6
7
8
9
100
100
98,6
100
0.0022759
0.0031341
0.0022653
0.0027379

10
59,4
0.014378

Analyzing the data presented in table 2 and 3, the initial tolerance of learning constant was
assumed at 0.05 and the initial tolerance of momentum was assumed at 0.3 for further
analyses. In case of such assumed tolerance, the least value of the generated mistake, at the
highest compliance of results was obtained.
Table 5. Influence of neurons number (1-5) in a hidden layer on the accuracy of representation of compressive
strength at constant value of momentum 0.3, learning constant 0.05 and ε = 0.01.
No.
ANN

α

ɳ

number
of inputs

3-1
3-2
3-3
3-4
3-5
3-6
3-7
3-8
3-9
3-10

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30

5
5
5
5
5
5
5
5
5
5

Number of neurons
in the hidden layer
I
II
6
1
6
2
6
3
6
4
6
5
1
6
2
6
3
6
4
6
5
6

number
of
outputs
1
1
1
1
1
1
1
1
1
1

percentage of
positive
events
87.0
42.6
46.2
42.6
46.2
42.6
46.2
46.2
87.0
42.6

∆ 𝑦𝑦𝑠𝑠𝑠𝑠

0.004376
0.035561
0.029934
0.034757
0.028068
0.031157
0.028427
0.030317
0.004865
0.033186

According to the obtained analysis results ANN (tab. 4, 5) was assumed the best
representing network for constant value of momentum 0.3, learning constant of 0.05, 6
neurons in a hidden layer and assumed ε = 0.01. In case of network of 5-6-1 structure, the first
digit (5) refers to the number of inputs, next (6) the number of neurons in a hidden layer, and
the last one (1) refers to one output identified with the assumed compressive strength value.
This structure was assumed as a result of accuracy tests of representing real compressive
strength values by the network. Assessment criterion was assumed taking into consideration
the lowest mistake level and 100% compliance. Figure 3 presents the courses of learning in
case of network of 6 neurons in a hidden layer. It can be observed that minimum values
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∆ 𝑦𝑦𝑠𝑠𝑠𝑠 amount to 0.008, and maximum values amount to 0.520 in case of the assumed number
of iterations. According to the obtained results of ANN analysis it was proved that the
determined network can be recognized reliable for 38000 iterations.

Figure 3. The course of learning process by ANN of diversified neurons number in a hidden layer.

Table 6 presents approximate contents of individual mix components intended for network
testing. Figure 4(a) presents graphic summary of data determined at testing stage by the
educated network. According to the obtained characteristics (Tab. 7 and Tab. 8) it was proved
that the testing and verification of artificial neural network model reflects the values
determined by the network. The obtained average value from 1300 events coincidence over
99% is very high. Average value of coincidence is 99.08 %. The obtained average value from
1300 events coincidence over 99% is very high. Average value of coincidence is 99.05 %.
Table 6. Limit component contents of the analyzed concrete mixes (content in kg/m3).
Elements content
Min / Max

Cement
190 / 507

Coarse aggregate
1000 / 1080

Fine aggregate
478 / 840

Water
125 / 162

Admixtures
0 / 6.75

Table 7. Testing of ANN model (N- value determined from the network, T - value determined during testing).
No
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

C
[kg/m3]
324
386
424
350
434
437
390
400
368
356

Kg
[kg/m3]
1009
1391
1286
1334
1313
1371
1287
1346
1323
1155

Input data
Kd
[kg/m3]
821
744
683
698
686
684
724
642
748
566

W
[kg/m3]
130
154
127
140
174
175
156
162
147
142

D
[kg/m3]
0.4
1.7
1.5
2.2
0.6
2.0
2.9
2.3
2.5
1.5

N
[MPa]
38.8
38.9
39.8
37.7
38.2
33.5
28.2
39.0
39.4
37.6

Output data
T
[MPa]
38.8
38.9
39.7
37.5
37.9
33.5
28.2
39.1
39.2
37.5

accuracy
[%]
100.00
100.00
99.75
99.47
99.21
100.00
100.00
99.74
99.49
99.73

The educated and tested ANN network of 5-6-1 structure was intended for experimental
verification. Figure 4(b) presents graphic summary of data determined at verification stage by
the educated network. Table 8 includes the obtained selected analyses results.
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a)

b)
Figure 4. The course of (a) testing process and (b) verification neural networks of 5-6-1 structure.

Table 8. ANN model verification (N- value determined from the network, T - value determined during testing).
No
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

C
[kg/m3]
353
390
399
380
346
404
444
417
359
379

Kg
[kg/m3]
1096
1402
1199
1305
1242
1244
1182
1318
1207
1402

Input data
Kd
[kg/m3]
675
667
733
677
771
699
795
743
591
692

W
[kg/m3]
141
156
159
152
138
161
178
166
143
151

D
[kg/m3]
0.4
0.7
0.8
0.8
1.3
1.5
2.2
2.4
2.7
2.8

N
[MPa]
34.1
37.6
26.8
34.2
38.0
36.4
37.5
33.0
37.9
36.2

Output data
T
[MPa]
34.2
37.5
26.7
34.2
37.9
36.4
37.4
33.0
37.8
36.2

accuracy
[%]
99.75
99.54
99.63
100.00
99.77
100.00
99.77
100.00
99.77
100.00

5 Conclusions
It should be concluded that the assumptions concerning the construction of ANN model and
the course of analysis can credibly anticipate parameters of composite material – concrete.
The results obtained as a result of the conducted analyses prove the purpose of application
of the presented method in case of modeling the composition of concrete mix and projecting
the strength obtained by concrete after 28 days of curing in standard conditions.
The analyzed structure 5-6-1 allows drawing the conclusions regarding material parameters
even in case of limited number of elements. Based on the obtained results, the network
structure has a large influence on the accuracy of mapping results from the experiment
through the network. The network analyzing five neurons in an input layer, diversified in
terms the selection of hidden neurons amount, complies with model assumptions. It was
proved that 5-6-1 network, with learning constant of 0.05, momentum 0.3 and ε=0.01,is the
most favorable structure for the assumed data. Very good coincidence of component models
with experiment results was achieved. At testing stage, the coincidence was achieved at the
level of 99.08%, in case of the assumed network structure. During model verification by
means of experimental results, the average coincidence was 99.05%.
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Hiroyuki Miyauchi
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Abstract. The utilization of drones is expected to streamline the process of building inspection in
Japan; however, no known drone utilization platform exists in the region’s architectural sector.
Therefore, in this study we pioneered the development of a drone platform based on an industry–
government–academia collaboration within Japan’s architectural field. We first investigated dronerelated trends, such as a utilization roadmap, flight rules, the drone market, new technologies and
issues relating to the architecture field. Subsequently, we worked on solutions for drone utilization in
the building sector, including methods for building inspection, determination of drone-flight risk
factors relative to building inspection and the creation of a drone safety operation manual. Through
field tests, we validated the effectiveness of the drone platform in building inspection, i.e., the
determination of a cost–time relation during inspection, the merits of applying a high-resolution
camera for inspection, the possibility of utilizing an infrared camera for exfoliation detection in
exterior wall tiles and the development and efficiency of a built-in automatic inspection system.
Furthermore, trial tests were conducted for the application of a drone-inspection system in disaster
areas and a micro-drone in small building spaces. The findings of this study confirmed that the new
drone platform achieved inspection- and disaster-related objectives within the architectural sector.
Keywords: Drone, Industrial Advances, Building Inspection, Risk Assessment, Field Test.

1 Introduction
In Japan, the total number of pre-1980 housing stocks exceeds 13.69 million and is increasing
every year. To ensure longevity, the assessment of buildings and their required maintenance
has become an urgent issue. As such, efficient regular inspections are required as an important
component of building maintenance. For example, periodic inspection reports according to
Article 12 of the Building Standards Law are required for building health diagnosis. For the
exterior wall inspection of buildings, a manual hammering test is required, especially for
buildings that are more 10 years old. However, this test requires the setting up of temporary
scaffolding for areas that cannot be reached by the investigator, making it costly for the
building owner. There is an urgent need to develop a rational inspection method. In meeting
this requirement, the use of drones is expected to play a significant role. An inspection
technology for the maintenance of such buildings, the various potential uses of drones are
being explored.
In 2016, the authors began research on (i) building inspection technology using drones and
(ii) the construction of drone platforms. In the academic field, the Architectural Institute of
Japan (AIJ) established a committee relating to the use drones and held the Architectural
Drone Symposium to establish the current state of the art in drone usage. In the industrial
field, the Japan Architectural Drone Association (JADA) was established in 2017 to address
human resource development, technical support and standardization relating to the safe use of
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drones. JADA has organized workshops and committees covering the safe operation of drones.
In general, the use of drones in industry, government, and academia is gradually increasing.
Based on the above background, we herein report on (i) drone-related trends and levels of
technology in the architectural field, (ii) demonstration experiments related to drone
inspections and (iii) future prospects for drone usage.

2 Trends in the Use of Drones in the Architectural Field
2.1 Drone Technology Trends in Japan
As seen for Japan during 2018 (Figure 1), the use of drone services in sectors such as
agriculture, surveying, aerial photography, inspection, crime prevention and logistics is
expanding. Furthermore, by 2024 the infrastructure inspection sector is expected to outpace
the agricultural sector. Figure 2 shows the roadmap for the utilization of drones according to
the flight levels reported by the Ministry of Economy, Trade and Industry (METI). Level 1
corresponds to surveys such as those of a detached roof. Level 2 corresponds to a large area
roof inspection or wall inspection. Level 4 is expected to be used for (i) the inspection of
skyscrapers that are assumed to be non-visual flight in the 2022, (ii) logistics and security in
cities and (iii) disaster-related issues. Therefore, in the architectural field, it is necessary to
create a social infrastructure that assumes the use of drones in population-intensive areas.
Table 1 shows the uses of drones in the architectural field. From all the papers submitted up to
2018, the importance of drone use follows the order: inspection, disaster, city/region,
construction, environmental measurement, transportation and cultural heritage.
In particular, the use of drones for inspection is increasing, particularly in relation to the
inspection of the outer walls of high-rise buildings, which would otherwise require
scaffolding. These building inspection surveys are generally classified into primary to tertiary
surveys according to the level of inspection, as shown in Table 2. Currently, primary and
secondary surveys of a non-contact type are used for building inspection.
2.2 Drone Technology Development and Dissemination Efforts in the Architectural
Academic Field
In April 2016, “WG on Application Guide of UAV to Building Performance Survey”
(x 100 million yen)
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Figure 1. Drone service market in Japan.
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(currently, Sub-committee for utilization of drone technology; Chairperson: H. Miyauchi) was
established in the Durability and Maintenance Steering Committee, AIJ. The main foci of this
WG were (i) the use of drones for the survey of building exterior walls, (ii) the collection of
technical information, (iii) field trials and (iv) the examination of data collection and analysis
methods. In May 2017, the first Architectural Drone Symposium was held with the aim of
highlighting the advantages of drone technology across the entire architectural field. In 2019,
a third symposium provided the latest information on the use of drones, covering regular use
through to their use in disaster situations.
2.3 Challenges and Initiatives for the Utilization of Drones in the Construction Industry
The challenges facing the use of drones in the architectural field can be divided into (i) the
damage caused by drone collisions and (ii) human issues. Regarding (i), Figure 3 shows the
number of accidents caused by drones, based on information provided to Ministry of Land,
Infrastructure, Transport and Tourism (MLIT). Compared with the 45 accidents for which no
application for flight was required by the MLIT, 96 accidents (i.e., more than double) did
require an application for flight. In particular, there are many population-intensive areas
assumed during surveys of buildings and accidents when flying less than 30 m, and so
sufficient safety measures are required when using drones in urban and architectural areas.
Regarding (ii), there is a risk that video taken by drones may infringe privacy, as related to the
Table 1. Research topics with keyword “Drone and UAV” in AIJ annual paper.
Uses of drones in the
2012
architectural field
Inspection
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City/Region
Construction
Environmental
measurement
Transportation
Cultural heritage
Total
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Table 2. Technical levels for drone use in building
inspection.
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Personal Information Protection Law. There are also problems relating to noise during drone
flight; therefore, it is necessary to give sufficient consideration to residents.
Against this background, JADA was established in September 2017 to develop human
resources that can utilize drone technology across various applications in the architectural
field. JADA also provides technical support and standardization. Activities were commenced
with the aim of contributing to the realization of a safe, secure and sustainable society when
conducting business. In particular, we are strengthening efforts relating to the safe operation
of drones for building inspections. For example, as shown in Figure 4, the “Safety Manual for
Drone Utilization in Buildings” was created, explaining basic knowledge relating to (i) drone
utilization, (ii) drone technology and safe operation and (iii) construction management and
inspection surveys for buildings. In addition, this manual is used in the “Building Drone
Safety Education Workshop” to ensure thorough safety education.

3 Evaluation of Building Inspection using Drones
3.1 Effects of Cost and Time during Drone Inspection Surveys
Judgment criteria that show the superiority of drone usage over existing building inspections
include (i) cost and time requirements from inspection to analysis and (ii) whether or not the
level can be inspected under the same conditions as it can from the ground. From the above,
using a six-story experimental wooden house at the Building Research Institute (BRI), the

(1) Inspection using a high
work vehicle

(2) Inspection using ground photography (3) Inspection using drone photography

Figure 5. Inspection methods.
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advantages of using a drone for building inspection were evaluated by comparison with a
conventional inspection, as shown in Figure 5. Table 3 shows the results of comparing (2)
ground photography and (3) drone photography. If a drone can secure a safe flight distance
from a target object, it can photograph to the same accuracy as a visual inspection from the
ground. For example, because the image size and image quality of the object can be kept
constant during photographing by the drone, it is easy to subsequently analyze the image.
Figure 6 shows the results of comparing the cost and time requirements between (1)
inspection using a high work vehicle and (3) inspection using a drone. Inspection by drone
photography can be implemented at a lower price than that for a high work vehicle. On the
other hand, the cost and time of image processing of drone images is higher; in particular, the
analysis work is time consuming. These finding indicate the potential efficiency of on-site
drone inspections but also suggest that image processing needs to be simplified and
incorporate automated processing techniques.
3.2 Assessment of the Use of a High Resolution Camera
One of the important criteria that can be applied to building inspections is inspection accuracy
in relation to specified requirements. Therefore, using a general-purpose 20-million pixel
camera and a 100-million pixel camera (upper limit of resolution), we conducted a drone
photographing experiment to evaluate the building inspection accuracy. Table 4 shows the
performance values of the cameras used in the study. Figure 7 shows the visibility results of
both cameras when a crack scale is attached to the outer wall and the drone flight shown in
Figure 8 is taken. At a photographing distance of 5 m, it is difficult to see a 1.5-mm wide
crack when using the 20-million pixel camera. However, at 100 million pixels, visual
confirmation is possible down to a crack width of about 0.25 mm.
3.3 Assessment of the Applicability of using an Infrared Camera
When tiles are used for the exterior of a building, there is a risk of them peeling off due to a
loss of adhesion between the base and the tiles. As an investigation method for this peeling,
an expected inspection method is the use of a drone-mounted infrared ray camera. A
demonstration experiment of this approach was conducted by MLIT in 2017–2018. At BRI,
Table 4. Specifications to satisfy 1-mm/pixel resolution
Performance

Distance
Photography
area (H x W)
Viewing angle

100-million pixel camera 20-million pixel camera

32.6 m

13.7 m

8.7 m x 11.6 m

5.3 m x 4.0 m

15.2o

16.4o

Crack scale

100-million-pixel camera

Original image of crack scale scanned by scanner

100-million pixel camera (Photographing distance:5m)

20-million pixel camera (Photographing distance:5m)

Figure 8. Images from different resolution cameras.
Figure 7. Inspection test by drone.
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the test specimens included defect part between substrate and tile with 1m wide x 1m high
were made as parameters with defect area and peeling depth. As shown in Figure 9, these
specimens were placed on the roof of the building and aerial photographs were taken using
two types of infrared camera mounted on a drone. An example of the detection of the
defective part of a tiled specimen, as shown in the infrared image, is shown in Figure 10.
When environmental conditions, such as solar radiation and temperature, and the performance
of the applied infrared camera were appropriate, the detection rate of tile peeling was high.
However, it was found that it is important to define the application range when using a dronemounted infrared camera because the peeling conditions and photographic environment may
differ in an actual building.
3.4 Development of Automatic Inspection and a Building Inspection System
Although drones are generally controlled by GPS, it is difficult to capture GPS signals in
areas where buildings are densely packed, increasing the risk of crashing and potentially
decreasing building inspection accuracy. In this study, we used SLAM (Simultaneous
Localization and Mapping), as shown in Figure 11, which estimates the position of the camera
based on the image information of the camera (i.e., independent of GPS signal). Figure 12
shows the results of a demonstration experiment of automatic drone inspection using an
o

・ External temperature: 11.4 C
・ Drone model: ALTA
・ Onboard infrared camera: FLIR A65
(Number of display pixels: 640H x 512V)
・ Photography distance: 5m, Flight altitude: 11m
200㎜
100㎜

300㎜

Specimen (Peeling depth
between substrate and
tile ：1mm)

Figure 9. Inspection of tiled specimens using drone.

Monocular camera (Estimation of altitude
and horizontal position)

Twin-lens stereo camera
(Horizontal distance control)
Figure 11. Visual SLAM type drone.
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Figure 10. Inspection of defective parts of tile
specimens by drone-mounted infrared camera.
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Figure 12. Test results for drone with Visual SLAM technology.
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experimental building. The left of Figure 12 shows the use of a stereo camera to identify
distance based on color information while maintaining a distance of 3 m from the drone.
Furthermore, a downward camera was able to estimate self-position in the horizontal direction
of the drone flight based on characteristic points on the asphalt pavement surface, as shown
on the right of Figure 12.
3.5 Use for Data Recording and Analysis
It is important to record and measure building deterioration information on a regular basis.
This information then needs to be stored and later used for building maintenance as required.
Therefore, in Figure 13 we show an example of recording and storing deterioration
information relating to a waterproof membrane sheet on the building roof. The resolution of
the image was set to 1.2 mm/pixel and the altitude was set to 38 m from the roof. The entire
roof surface was photographed during an automatic flight and a series of deterioration
conditions for the roof were acquired. As shown in Figure 14 (m units), the flow of drainage
on the waterproof sheet and the roof area could be measured. In cm units, the situation around
the drain was able to confirm, in mm units, the crack and repair status of the waterproofing
sheet. Therefore, it is possible to simultaneously record these states of degradation using a
drone and archive them for use in future repairs.
3.6 New Methods for Building Inspection
Many natural disasters such as earthquakes, typhoons and floods occur in Japan and it is
expected that drones will be used following such events to assess damage. A demonstration
experiment using a drone was conducted on a three-story building damaged by the earthquake
in Kumamoto Prefecture in 2016. The flow of the experiment is shown in Figure 15. Initially,
the drone operator takes a picture of the building near the crack. The investigator wears VR
goggles at a position away from the building and verifies whether the image information
taken by the drone can be determined by extracting cracks that the investigator wants to
confirm. Based on this assessment, it is considered possible to investigate damaged buildings
via drone by remote control.
Drone
Condition on roof

Distance: 38m
Crack

Drain

Inspection on roof

Perimeter: 151.41 m
Area: 498.51m2

Repair area

Calculation of roof area
Crack and repair status on waterproofing sheet

Figure 13. Flight test for checking degradation
condition using drone.

Figure 14. 3D model of degradation information
(100-million pixels).
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Drone

Drone pilot
Investigator confirming by VR goggle

Figure 15. Remote investigation by drone in
damaged building.

Figure 16. Drone inspection in confined space
(elevator shaft).

Many external spaces related to buildings can be assessed using drones; however, drones
are also highly usable in narrow spaces where human access is difficult, e.g., behind ceilings
and under floors. Therefore, in this study, we investigated the inner wall of an elevator shaft
using a micro drone with a non-GPS control function that weighs less than 200 g, as shown in
Figure 16. It was found that this approach can be used for inspection even in dark and
confined spaces.

4 Conclusions
In this study, we investigated drone use trends in industry–government–academia for
application to the architectural field. In addition, drone flight safety, cost reduction and laborsaving, inspection accuracy, application to archiving, and inspection automation were
evaluated by field tests. Overall, the effectiveness of drone utilization was demonstrated. In
addition to building inspection, drone technology is expected to be used across a wide range
of fields, including disaster surveys, architectural education, information systems, facilities,
design, urban planning, environmental engineering, architectural history, crime prevention
and so on. It will be possible to create a new construction drone platform by strengthening the
connected industries that link drones with various technologies (AI, AR, the cloud, etc.). For
this purpose, it is very important to work with related parties so that the technology can
effectively contribute to society.
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Abstract. Vertical Greenery Systems (VGS) applied on building has proven economic, environmental
and social benefits which made it one of the widely accepted green building design strategies to support
sustainable development. However, incorporating vertical greenery systems into innovative facades
generates maintainability challenges. This paper highlights the best and good practices Design for
Maintainability scoresheet, as well as the VGS defects and issues. The Design for Maintainability (DfM)
assessment scoresheet will be beneficial in assessing and avoiding potential VGS defects leading to its
maximum performance, longevity and sustainability. This research has established a list of best practice
guidelines and measures with weighted scoring system for evaluating the maximum performance and
efficient maintainability of VGS applications on facades while minimizing cost, risks, negative
environmental impacts and consumption of matter/energy. The paper’s contribution will be the
improvement of the designers’ decision making process, expanded library on vertical greenery systems
defects as well as the importance of integrating maintainability of high-rise VGS facades in tropical
conditions during its design inception.
Keywords: Building Maintainability, Green Building Technologies, Multi-Criteria Decision
Assessment, Vertical Greenery Systems (VGS), Singapore.

1 Introduction
Vertical Greenery Systems (VGS) applied on building has proven economic, environmental
and social benefits (Chew and Conejos, 2016; Perini et al., 2017) which made it one of the
widely accepted green building design strategies to support sustainable development. However,
incorporating vertical greenery systems into innovative facades generates maintainability
challenges such as spoilt or falling leaves (Wong et al., 2010), defective irrigation systems and
inadequate installation methods which surges costs on operations and maintenance (Safikhani
et al., 2014), damaged surfaces due to plant roots infiltrating cracks (Manso and Castro-Gomes,
2015), lack/insufficient maintenance access (Behm and Poh, 2012; Köhler, 2008; Perini and
Rosasco, 2013; Pérez et al., 2014).
Chew and Conejos (2016) reports that less research has been undertaken concerning the
maintainability of VGSs in tropical settings via design-based values, since this entails the
vertical greenery system’s sustainability (Emilsson, et al., 2007). There is a need for the
development of guidelines for VGS sustainability (Dvorak and Volder, 2010; Giordano et al.,
2017) which prompted the development of the Design for Maintainability guidelines for high
rise vertical greenery systems in the tropics by Chew et al. (2019).
Chew and Conejos (2016) highlights various vertical greenery systems defects and issues in
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Singapore and categorize them into technical and environmental defects based on previous
research study and continually establishes more evidenced based issues and defects through
qualitative approaches in this study in order to ascertain best practices as basis for a Design for
Maintainability scoresheet in support for the design decision tool developed to assess the
performance of vertical greenery systems.

2 Green Maintainability
The Green Maintainability concept (Chew, 2016; Conejos et al., 2019) was established with
the five green maintainability factors which incorporated facility management with
sustainability right at the outset; such as: (1) maximizing performance – refers to the optimal
competence of the building’s function through design values, building science and engineering,
efficient energy use and sustainability; (2) minimizing cost – pertains to the decrease in
operations and maintenance costs and boosting savings throughout the entire building lifespan;
(3) minimizing risk – denotes to the reduction of possible building defects occurrences and risks
in the future; (4) minimizing negative environmental impact – concerns in the decrease of
potential damaging effects caused by the discharge of a substance in the environment; and (5)
minimizing consumption of matter and energy – indicates the conservation and management of
the building’s material, water and energy usage.

3 Research Methods
a) Qualitative Approach - The application of instrumental case study stipulates a comprehensive
and in-depth interpretation of the cases, thereby in improving a theory (Stake, 1995), thus this
approach was undertaken in the study to determine and establish evidence-based defects of high
rise vertical greenery systems in the tropics. The selected instrumental case studies (Table 1)
are physically accessible for field observation surveys and a wealth of recent data is on hand.
The five green maintainability factors are used qualitatively in assessing the case studies’
vertical greenery systems green maintainability potential via field observation survey and
interview with expert and supported by stakeholders’ via walkthrough interviews. b)
Quantitative Approach – To provide an assessment scoresheet, a survey was conducted among
practitioners and experts involved in designing and installing green facades. The Analytical
Hierarchy Process (AHP) which is proven robust (Saaty, 1980) was used in analyzing the coded
survey data in excel format.
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Table 1. Instrumental Case Studies.
Case Study (Year completed)

Vertical Greenery System

and Awards Received

(and Implementation )

Height

CS01

Commercial Bldg. (2014)

Support type system

5 storeys (M)

CS02

Mixed-use development (2016)

Support type system

30 storeys

BCA Green Mark Platinum Award
BCA Green Mark Platinum Award

(Steel structure and high tensile steel cables)
(Aluminum mesh)

CS03

Educational Bldg. A (2012)

Cassette system

6 storeys (M)

CS04

Educational Bldg. B (2015)

Support type system

BCA UD Marks Platinum Award

(Cassette)

CS05

Educational Bldg. C (2013)

Support type system

11 storeys
(M; S)
7 storeys (M)

CS06

Residential Condo A (2015)

Cassette and planter box type systems

22 storeys
25 storeys (S)

CS07

BCA UD Marks Gold Plus Award

BCA Green Mark Platinum Award
BCA Green Mark Platinum Award

(Steel mesh)
(Tray)

CS08

Residential Condo C (2013)

Wire trellis support and planter box
systems (Steel mesh)
Support type system

CS09

Residential Condo D (2011)

Support type system

6 storeys (M)

CS10

Residential Condo E (2014)

Support type system

34 storeys (S)

Pocket type system

6 storeys

CS11

Residential Condo B (2012)

(Steel mesh)

BCA Green Mark Platinum Award
BCA Green Mark Platinum Award
BCA Green Mark Gold Award

BCA Green Mark Gold Award

Residential Condo F (2014)

BCA Green Mark Platinum Award

(Steel mesh)

(High tensile steel cables)
(High tensile steel cables)
(Substrate panel)

24 storeys

Source: Conejos et al. (2019).

4 Discussion of Findings
The identified critical high rise vertical greenery systems defects are due to lack of coordination
among professionals lack of/insufficient coordination among building professionals which
sometimes led to design oversights or inconsistencies. The following critical defects are:
– Lack of maintenance considerations such as insufficient/lack of maintenance access and
safety issues/risks during cleaning and repairs. In some case studies, workers have to get
through private balconies, pump rooms and air-conditioning units; climb over pool, parapet
or glass enclosure; pass through pillars and traverse into narrow corridors that inhibits bulky
maintenance equipment.
– VGS installation at the pool deck or over it which required frequent cleaning to preserve
water quality.
– Lack/improper drainage system due to flat gradient or no screeding or lacking drains which
causes water stagnation/ponding that will lead to pest infestation, mosquito breeding and
algae/mould growth. In some instances, the drainage gutter has chokage issues due to falling
leaves leading to water stagnation and possible mosquito breeding that will affect the health
of residents and the public.
– Issues concerning infrequent/improper maintenance regimes due to the evident fallen leaves
and dirt accumulation caused by heavy rainfall and strong winds. In some cases, the vines
on the steel cable have thickened putting additional load to the support as it was not pruned
or well maintained.
– Withering plants due to the suitability of plant species where in some cases where non-
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tropical plants were installed which led to the drying and dying of plant species. The wrong
choice of plant species can be considered a design oversight.
– Poor/faulty irrigation and water dripping issues caused by chokage or faulty components
will lead to irregular plant growth or plants dying, rust of structural components, and high
water consumption costs.
– Insufficient sunlight exposure also prevents plant growth and lead to plant dying or
premature plant replacement regardless of proper irrigation regimes.
– Issues on maintenance cost (i.e. LCC) which entails a high cost of expenses when
maintaining defective VGS.

Figure 1. Some Defects of Vertical Greenery Systems.
(Source: Chew and Conejos, 2016).

5 Design for Maintainability (DfM) Scoresheet
In previous research studies, the Design for Maintainability (DfM) guidelines (Chew et al.
2019) and checklist (Conejos, et al. 2019) for vertical greenery systems has been established.
In this study, the checklist is further developed into a graded scoring system which will assess

750

Sheila Conejos and Michael Y.L. Chew

the vertical greenery systems’ total performance according to the five green maintainability
factors. The DfM scoresheet for high rise vertical greenery systems, highlights fourteen (14)
design criteria with corresponding DfM good practice measures/guidelines and corresponding
percentage scores with a total score of 100% when summed up (Table 2). The design criteria
are grouped under the five green maintainability factors with corresponding percentages that
totaled to 100% such as (1) maximizing performance – 21.47%; (2) minimizing cost – 17.45%;
(3) minimizing risk – 30.81%; (4) minimizing negative environmental impact – 13.85%; and
(5) minimizing consumption of matter and energy – 16.42%. Each design criterion is equally
distributed according to the scoring percentage of each green maintainability factor. Based on
the practitioner and expert survey results, the most critical green maintainability factor to be
considered is minimizing risk which pertains to safety measures including fire safety and
quality workmanship.
The importance of considering the green maintainability of a building throughout its life
cycle will improve the sustainability and performance of high-rise vertical greenery systems in
the tropics. The proposed checklist may aid in addressing the maximum performance and
efficient maintainability of VGS applications on facades while minimizing cost, risks, negative
environmental impacts and consumption of matter/energy.

6 Conclusions
This research has shown that considering maintainability right at the design inception is of great
importance. Designing vertical greenery systems that are highly performing and easy to
maintain guarantees long term sustainability. This paper highlights the evidence based defects
and issues of vertical greenery systems under tropical conditions and through ascertaining best
and good practices has introduced a set of Design for Maintainability (DfM) guidelines
translated into a weighted scoresheet for assessment. The development of the Design for
Maintainability (DfM) scoresheet for VGS is a valuable method in assessing the sustainability
and maintainability potential of high-rise vertical greenery systems. The best practices and
evidence based defects derived from these case studies and stakeholder insights will be useful
in improving the decision making process for designers when it comes to the choice and design
of VGS, as well as the expansion of the vertical greenery defects library. Lastly, one of the most
important goals of VGS implementation is to promote a biophilic environment within high
density areas as well as support climate change adaptation through the greening of the built
environment.
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Name of Building and Location:
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Table 2. Design for Maintainability (DfM) Scoresheet for High Rise VGS.

Building Profile:

Maximising performance

Instructions: Please refer to the following Guide Statements when assessing the Vertical Greenery Systems applied to high rise building. The scoring system is categorized ac
corresponding total percentage at the leftmost column as reference. The Ranking result will be: Level 1 – 0% to 40% indicates low maintainability potential; Level 2 – 41% t
– 61 to 100% indicates high maintainability potential.
Design Categories
Design Criteria
Good Practice Measures (incl. standards/guidelines/expert sourc
Climatic
Availability of natural
Consider the proper orientation of the VGS, as well as the areas with strong winds due to location of the buildin
conditions
elements
altitudes. Provide sufficient soil depth for the roots to grow more freely (i.e. planter box size of 500w x 600d wi

Design
considerations

Structural stability
and material
durability

Plant suitability and
sustainability

Coordination among
professions
Structural stability
Material durability
Life cycle cost
Maintenance Access

Minimising cost

Maintenance
considerations

Green wall systems

Frequency of Inspection
and Maintenance

Drainage system

Drainage system
management (e.g. gradient
and water ponding)

Consider alternative approaches such as hydroponics, light soil in skyrise greenery, as well as artificial lighting
on VGS.
Consider VGS height, system capacity, lifespan and its replaceability.

Specify the right plant species (e.g. native plants which are adapted to the local climate; plant appropriately for
areas, etc.), as well as ensure that it considers the maintenance frequencies and cost issues.
Avoid selecting plant species with excessive shedding of leaves and do not use some plant species (e.g. species
require regular monitoring for signs of mosquito breeding.
Recommend more than one species to ensure even coverage a and ensure the correct plant spacing for the desire
Ensure that all involved stakeholders; design and construction professionals involved in the project are properly in
from the design, construction, operations and maintenance aspects/process.
Structural integrity of the green wall system should be certified by a professional structural engineer. Design the
climber plants for high-rise VGS, as it can grow from ground level to the 10th storey.
Specify the use of quality materials (i.e. durable and stain-resistant materials) and ensure that the material select
cost issues.
LCC considerations include capital cost, ownership cost, operating cost and disposal cost.
Provide easy and safe maintenance access (i.e. access via the front of green wall and access system consideratio
access provided) to all facade areas at every level. Each maintenance walkway level should have direct access
worker movement during normal operations and emergencies. All designated access/inspection points shou
maintenance access such as footpath leading to the tap. The greenery cascading down should not be encroachi
water features. No unmaintained vegetation over private spaces.

Provide permanent rear access and workspace (e.g. walkways and platforms) alongside the elevated greenery su
parts of the green wall. The rear access must be designed with edge protection to prevent worker falling out d
should have a minimum 600mm internal clearance width. Access should be designed via passive means as much
BMUs and other equipment required to facilitate accessibility but also to reduce instances of inconvenience to b
For green wall no more than 2m in height, allow maintenance access from the front via suitable elevated wo
scaffold, etc.), pole pruner and/or a combination of these equipment. For green wall more than 2m in height, p
loading capacity in-front to allow safe and effective deployment of suitable elevated work platform and equipm
landing with adequate load bearing capacity for safe deployment of elevated work platform such as MEWPs (mo
wall more than 4m in height, the foreground when turfed/vegetated, should be designed, dimensioned and in
provide adequate load bearing capacity for safe and effective deployment of MEWPs. Structural elements sho
inspection.
Put in place a regular maintenance schedule conducted by qualified workers to look out for potential risks, hazar
of supporting structures to ensure that structural integrity is maintained. Perform visual inspection for structural
for plants’ health status (i.e. pruning and ensure proper soil and irrigation, prevent unlikely planter bursting/ d
Install pre-planted panels safely and ensure quality workmanship. Provide a growing medium that is dense to s
nutrient needs. Follow and maintain a three-month pre-planting period for plant replacement so that plants will

Conform to BS 4428:1989 for proper drainage layout and system of landscape areas and ensure that planters sh
towards the drain. Specify drains adjacent to planters at the base of the VGS. Drain gradient should be in the ran
Consider using drainage trays at the base of the installation and provide metal drain covers. The width: depth ra

.
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facilitate ease of access. Provide anchor points or ladders to facilitate safety and access to drains and supporting
maintenance.

Safety measures (incl. fire
safety and quality of
workmanship)

Minimising consumption of
matter and energy

Minimising negative environmental
impact

Minimising risk

Installation and
maintenance
methods

Drainage systems require regular maintenance and fixtures should be checked visually on a regular basis and tho
Test to ensure that during and after installation, the drainage systems effectively convey water to the storm wate
systems, especially modular systems, for water ponding due to clogged drainage holes which allow mosquito br
Safety and maintenance concerns must be thought of and addressed early during the design stage. Adhere to th
the safe design, construction and maintenance of scaffolding, working platforms and gondolas (BS 6150:2006+
quality control during the installation of green wall components, installation of fixtures and fittings and vege
performed by registered and specially trained workers to ensure quality workmanship. Ensure quality control du
fixtures and fittings.

Adequate site supervision should be performed to make sure that workers understand and comply with the esta
work methods, including the proper usage of all personal protective equipment provided to avoid fall from heig
SS CP 14:1996 and ensure the proper supervision of workers at heights. Implement a comprehensive safety plan
fall prevention systems and personal fall arrest, and a permit-to-work system. Ensure that maintenance perso
systems (BS EN 363:2008). Conform to ASME A120.1-2014 for the safe use of permanently installed building

Biological growth
and animal
management
control

Water and
irrigation and
electrical and
lighting systems

Algae and mould
prevention

Considerations for fire-rated VGS materials to be specified as per SCDF requirements. Specify fire-rated VGS m
sufficient buffer between VGS and facade openings (e.g. balconies, windows) to prevent fire encroachment into
biomass which contributes to fire risk. Ensure that chances of biomass contributing to fire risk should be reduce
Choose plants that do not trap water and harbour pests and disease pathogens. During and after installation, prev
algae) as much as possible. When necessary and not on regular basis, treat such growth with anti-algae/anti-fung
growths with a stiff brush.
Planters or modules should be designed to be sufficiently deep to contain the spread of roots. Roots should b
encroaching onto building’s facade walls. Keep the plants away from the building’s walls by having a gap in be
inspections to ensure that root growth are controlled to avoid penetration on walls. Waterproofing system at lan
and made to be root resistant and/or alongside a suitable root barrier. Ensure good housekeeping practices a
waterproofing membrane.

Pest and bird nesting
control

Inspect systems, especially modular systems, for water ponding due to clogged drainage holes which allow mosq
contractors should include looking out for mosquito breeding sites (e.g. instances of water ponding) near VGS. P
pathogens should not be introduced into any new or existing planting areas, as eradication of pests and pathog
plants that do not trap water and harbour pests and disease pathogens. Inspect plants periodically for pest infestat
and fungicides to prevent them from contaminating run-offs and eventually the groundwater. Fertilizers and inse
& Veterinary Authority of Singapore.
Conduct periodic inspections to ensure that branches have not thickened to avoid bird nesting. Conduct annual o
bird interaction with VGS for plant survival.

Water and energy
efficiency

Specify a drip-based irrigation system complete with built-in rainwater harvesting and recycled water to min
automatic-irrigation system with rain sensor. Recommend the use of an adjustable automated irrigation system
of water. Energy efficiency considerations should include material selection, testing, fixing/ mounting/ installati

Total Score

.
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Abstract. Timber has been widely adopted as a global structural material. However, timber sometimes
deteriorates due to various factors such as termite infestation, which may reduce its strength and
durability. It is difficult to ascertain the degree of deterioration of timbers by visual inspection because
deterioration by termites causes severe damage to the inner parts of the timber. Therefore, the damage
is often discovered after the deterioration progresses. The restoration and refurbishment method
currently implemented is removing the degraded parts and partially replacing them with new healthy
wood. Although it is as desirable to reinforce the original part as it is to restore its strength, especially
for historical timber structures, this approach has not yet been put into practical use. This study
investigates the possibility of restoring timber deteriorated by termites with little changes in its
appearance by using resin filling. Deterioration by termites occurs at the base of the timber. Therefore,
the specimen is assumed to be the joint of a foundation and column. First, the deteriorated specimen
was filled with epoxy resin, and then, the effectiveness of the filling was confirmed by a nondestructive
test method using ultrasonic pulse velocity. Finally, shear strength test was performed for the joint. As
a result, ultrasonic velocity significantly increased because of the resin filling. The strength of the
specimen filled with epoxy resin was restored and was close to the strength of a healthy one. It was
confirmed that this strengthening method with resin filling was useful for improving the structural
performance of timber deteriorated by termites with little change in appearance.
Keywords: Strength, Termite Damage, Nondestructive Test, Epoxy Resin, Ultrasonic Pulse Velocity.

1 Introduction
The damage caused by termites is one of the main degrading factors of timber structures.
Termites are active in wet conditions; hence, they can cause damage to the base of timber that
is close to the ground. In addition, in timber buildings, joint strength is very important. It is clear
that the deformation and strength capacity of the joint strongly affects the deformation and
structural capacity of the building. Therefore, in this study, the authors focus on the
reinforcement of the base joint.
The authors examine the reinforcing method of injecting synthetic resin into the deteriorated
parts of the timber. The reinforcing method is characterized by a little change in appearance, as
shown in Figure 2.

doi:10.23967/dbmc.2020.181
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Figure 1. Timber damaged by termites. (Source: KAWATA Tasturo, 2017)

Figure 2. Timber filled with resin.

2 Shear Test of Pillar-Base Joints
2.1 Objective
The objective of this experiment was to examine the reinforcing effect of filling the synthetic
resin on the restoration of timbers deteriorated by termites. The reinforcing method is as follows.
First, the entire surface of the specimen is covered with tape. Next, the side of the specimen is
drilled in a staggered manner at 100-mm intervals (Figure3). Finally, using a static mixer, the
synthetic resin is injected through the hole into the specimen (Figure4).

Figure 3. Image of filling hole.
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Figure 4. Resin filling work.
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2.2 Summary of Specimens
The specimen was prepared using Douglas fir. The dimensions of the column were 105 mm x
105 mm x 600 mm, and those of the base were 105 mm x 105 mm x 1000 mm. The joint was a
stub tenon. The dimensions of the tenon were 30 mm x 75 mm x 50 mm, and those of the
mortise were 30 mm x 75 mm x 80 mm. Ten sets of column and base specimens were prepared,
and two of them were used as control. The deterioration was carried out for four months at a
test site where termites live (Figure5). The degree of damage was evaluated by the mass
reduction rate before and after the damage treatment. The specimens are listed in Table 1.
Regarding the resin filling, two types of synthetic resin, epoxy resin and polyamine resin,
were used to examine the change in strength depending on the type of synthetic resin. In Table
1, “Resin A” is hard type, and “Resin B” is elastic type. Three specimens were prepared and
filled with resin A, and two were filled with resin B. In this test, five restored specimens were
used.

Figure 5. Soil exposure due to feeding damage caused by termites.

Name
0-N①
0-N②

Table 1. Name of specimens and test parameters.
Resin
Feeding damage
rate[%]
Name
Materials
Fit ratio
Method

10

15-N

15

20-N

20

10-A

10

15-A

15

20-A

20

15-B

Feature

0

10-N

10-B

Tool

10

None

-

epoxy resin
A

B

+polyamine resin
epoxy resin
+polyamine resin

static
2:1

filling

3:2

filling

mixer
static
mixer

hard

elasticity
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2.3 Loading Method and Loading Protocol
The experimental setup of a joint member with a column and base is shown in Figure 6. The
base was fixed to the foundation steel member by passing bolts through the steel plate on the
left and right sides and tightening each bolt with a strength of 20 N. In addition, by assuming
the actual building weight, an axial load of 10 kN was applied to the column through a drop jig.
Then, a positive and negative cyclic load testing was applied 500 mm height from the upper
surface of the base portion. The applied rotation angle (θ) was 1/450, 1/300, 1/200, 1/150, 1/100,
1/75, and 1/50 [rad] in each three cycles, and then 1/30, 1/15, and 1/10 [rad].

Figure 6. Experimental setup of flexural shear test.

2.4 Result of Experiment
Figure 7 shows the relationship between the moment and deformation angles of joint specimens.
“0” means without termite damage. “10”, “15,” and “20” represent 10%, 15%, and 20% weight
losses due to termite damage, respectively. For 0-N, 10-N, and 20-A, the bending moment was
increased up to 1/30 rad (0.03 rad), and for the others, it was increased up to 1/50 rad (0.02 rad).
It can be observed that the strength significantly decreased with an increase in damage rate.
Furthermore, the decreased strength was significantly restored by resin reinforcement.
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control materials.

Specimens filled with resin A.

Unreinforced

specimens.

Specimens filled with resin B.

Figure 7. Relationship between the moment and deformation angle.

The volume ratio of the resin to be filled into the specimen was calculated by using its density
information and the mass reduction rate of the deteriorated specimens, as shown in Figure 8.
All specimens were filled with resin as described above, and a significant difference in the
filling rate for each specimen was confirmed.
Figure 2 shows the skeletal curve between the moment and the deformation angle. Regarding
the specimens without filling, the values of both rigidity and strength were lower than that of
0-N as a reference specimen. Regarding the specimens filled with resin A, a significant recovery
in both rigidity and strength was observed. The rigidity and strength of 10-A and 20-A were
higher than those of 0-N. The filling ratio of 15-A was about 10%. Therefore, it was observed
that there would not be a considerable recovery of rigidity and strength because of insufficient
filling. Overall, when the deteriorated timbers were filled with resin A, they exhibited a
possibility of recovery in rigidity and strength. In contrast, the strength and rigidity of the
specimens filled with resin B did not match that of 0-N. They exhibited higher strength and
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rigidity than those without filling for the same feeding rate.
It was observed that the strength and rigidity of 10-B did not recover because of insufficient
filling. In the case of 15-B, which had the highest filling rate, a complete recovery was not
confirmed. This result might indicate that the low elasticity of resin was not effective for
reinforcement. Despite the filling rate of approximately 40%, 10-A exhibited similar rigidity
and strength to 0-N. If the filling level increased beyond a certain value, it might be unnecessary
to fill the specimen completely. The variation in the filling rate was caused by bubbles generated
due to the heat reaction of resin during curing. It will be necessary to evaluate the effect of the
filling rate, filling position, and curing temperature of the resin on the mechanical properties of
deteriorated timber members in the near future.

Figure 8. Filling rate.

Figure 9. Relationship between moment and deformation angle

3 Ultrasonic Pulse Velocity Test
3.1 Aim
The damage caused by termites is significantly hidden inside the timber and often invisible.
The ultrasonic testing machine (pundit) shown in Figure10, would be an effective method for
detecting internal defects in timber. Ultrasonic pulse velocity can be measured by sandwiching
both sides of the specimen. Filling conditions and restoration might be confirmed by evaluating
the rate of change in ultrasonic velocity before and after resin filling.
3.2 Deterioration Detection
Figure11 shows the relationship between the mass reduction rate and the reduction in ultrasonic
velocity before and after damage treatment. The reduction rate of ultrasonic pulse velocity is
defined as the rate of the velocity to the velocity of the sound timber. A high correlation was
observed between the mass loss rate and the reduction rate of ultrasonic velocity, as shown in
Figure11. Hence, the mass loss rate can be identified by measuring the ultrasonic pulse velocity.
As a result, it was suggested that the ultrasonic pulse velocity test might be effective in
evaluating the deterioration by termites.
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3.3 Check of Filling
The relationship between the filling rate and the increased rate of ultrasonic velocity is shown
in Figure12, a high correlation was observed between them. Hence, the effectiveness of resin
filling was confirmed by an increase in the ultrasonic pulse velocity

Figure 10. Ultrasonic testing machine. (pundit)

Figure 11. Relationship between mass reduction rate
and reduction of ultrasonic velocity before and after
feeding damage.

Figure 12. Relationship between filling rate and
increase rate of ultrasonic velocity.

4 Conclusion
The following conclusion were obtained in this study:
- Throughout the shear test of pillar-base joints, filling the deteriorated timbers with the hard
type resin led to the recovery of rigidity and strength. Hence, the effectiveness of resin
filling as a reinforcement method was demonstrated.
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-

-

All test bodies were filled with resin in a staggered manner, and a significant variation in
the filling rate for each specimen was confirmed. Even though the filling rate was
approximately 40%, there was a specimen that showed rigidity and strength close to 0-N. If
the filling level increases beyond a certain value, it might be unnecessary to completely fill
the specimen. It will be necessary to examine the effect of the filling rate, filling position,
and curing temperature of the resin on the mechanical properties of deteriorated timber
members.
A high correlation was confirmed between the mass loss rate and the reduction rate of
ultrasonic velocity. Thus, it was suggested that the ultrasonic pulse velocity test might be
effective in evaluating the deterioration by termites.
A high correlation was observed between the filling rate and the increased rate of ultrasonic
velocity. Therefore, the filling rate can be confirmed by an ultrasonic pulse velocity test in
a non-destructive manner.

References
Architectural Institute of Japan (2018). Deformation and Fracture in Timber Structure, Maruzen Publishing Co.,
Ltd.
Goromaru Shuhei (2018). Proposal of reinforcement method by missing exploration and resin filling in
deteriorated wooden buildings, Architectural Institute of Japan, Vol.88, pp.45-48
Higuchi Seiji (2003). A Retrospection: Early Examples of the Application of Synthetic Resins for the Conservation
of Japanese Cultural Properties, Report of the National Museum of Ethnology, Vol.36, pp.53-91
Kawata Tatsuro (2017). Verification of termite and decay damages of wooden houses by dismantling survey,
Architectural Institute of Japan, Vol.2017, pp.67-68
Takenouchi Yutaka (1998). Survey of Synthetic Resins Applied for the Conservation of Japanese Buildings,
Science for conservation, Vol.37, pp.99-123

762

Vahan
Use
of Steel
Zohrabyan,
Fiber Reinforced
Thomas Braml,
Concrete
Tobias
forZircher
the Protection
and Manfred
of Buildings
KeuserAgainst High Dynamic
Actions
XV International Conference on Durability of Building Materials and Components
DBMC 2020, Barcelona
C. Serrat, J.R. Casas and V. Gibert (Eds)

Use of Steel Fiber Reinforced Concrete for the Protection of Buildings
Against High Dynamic Actions
Vahan Zohrabyan, Thomas Braml, Tobias Zircher and Manfred Keuser
University of German Armed Forces, Chair for Concrete Construction,
Werner-Heisenberg-Weg 39, 85577 Neubiberg, Germany, vahan.zohrabyan@unibw.de
Abstract. Nowadays ensuring the safety of people and the protection of infrastructure is a socially
relevant topic, which requires a thorough investigation.
The Institute of concrete construction at the University of the German Armed Forces in Munich is
investigating the possibilities of using steel fiber concrete for the protection of military facilities and
state-owned special buildings in Germany. In this research project steel fiber reinforced concrete is
investigated under high dynamic loads specifically under contact detonation loading. Plates with
varying reinforcement systems, different thicknesses, different fiber geometries, fiber contents and
fiber types were produced.The following concrete compressive strengths C20/25, C40/50, C80/95
were used in this research project.The plates were loaded with 500 g, 750 g, 1000 g, 1500 g and
2000 g PETN explosive at the test facility of the German Armed Forces Technical centre for
Protective and Special Technologies. An important property of construction material during ballistic
threats and contact detonation is the concrete tensile strength. Through the addition of fibers, the post
cracking behavior and the ductility of concrete components can be improved. All fiber-reinforced
specimens showed less damage than the non-fiber reinforced elements. The aim of the study is to
optimize the concrete mixture for the fiber concrete protection components considering the following
factors: concrete quality, fiber content, fiber geometry, as well as aggregate size of the concrete.
Another aim is to record and evaluate the damage parameters of the steel fiber reinforced concrete
slabs after the highly dynamic load, and to investigate to offer suggestion for retrofitting. In this
article, the test results of different steel framed concretes under highly dynamic conditions are
presented.
Keywords: High Dynamic Load, Protective Components, Contact Detonation, Steel Fiber Reinforced
Concrete, Damage Crater.

1 Introduction
As the number of people increases, the demand for both residential and public and stateowned buildings and infrastructures is increasing.
Taking into account the fact that mass influx of people to major cities is taking place lately,
the demand for these buildings is increasing, resulting in higher prices for their construction,
rent and service.
As the problem grows more serious and attracts a lot of construction space, it should be
resolved as soon as possible by offering clear solutions. A solution to the problem for
example can be the use of construction materials, structures and construction technologies that
will make the structure more robust and durable (suitable for long-term use).
The resistance, security and durability of buildings for state and military facilities are set in
completely different criteria such as embassies, military bases, nuclear power plants, chemical
factories, government buildings, and so on.
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Reconstruction or retrofitting work in these structures is always associated with high costs
and high risks e.g.:
• the control should be increased during the construction works
• depending on the technological process, the production lines are partially or
completely shifted which are associated with additional costs and effort
• auxiliary things, ammunition and workers should also be resettled
as a result, these buildings become more vulnerable and their normal operation is disrupted
(one should not forget the fact that these facilities are the target of recent terrorist attacks).
In general, the protection of state-owned special buildings from possible terrorist attacks
can be done in the following ways:
1. newly constructed buildings: depending on the significance of the building and the
risks of the attack, the material must be defined and selected so that during the
possible attack it ensures the safety of the objects and people (excluding of injuries
and hazards in the shelter).
2. already constructed buildings: Depending on the significance of the building, the
risks involved in the attack and the design, the protection can be implemented in the
following ways:
a) by reinforcing work
b) by using an additional facade protection panel

2 Material and Constructions
The Institute of Concrete Construction at the Bundeswehr University Munich is investigating
the possibilities of using steel fibre reinforced concrete for the protection of military facilities
and state-owned federal buildings in Germany.
In this research project, reinforced concrete plates as well as steel fiber reinforced concrete
plates made of different geometries and steel fiber content are produced and tested under
different high dynamic loads (Zohrabyan et al., 2019).
The impact on the components can consist of impact stress as well as contact detonation,
near or far, from e.g. suicide bombers, vehicles loaded with explosives, etc.
For the construction of sensitive German Armed Forces infrastructure buildings and for
buildings in out-of-area-operations, it is therefore necessary to consider these scenarios in
design and service and to show to which extent the use of fiber reinforced concrete can lead to
an improvement of the protective effect.
Within the framework of this research project, the protective wall and facing structures
made of steel fiber reinforced concrete are investigated. Numerous experimental
investigations are carried out.
The aim of the study is to make the panels as thin and light as possible in order to allow
them to be attached to existing facades as a protective element. (Zircher et al., 2019)
Since in many buildings the panels cannot be fixed to the front of the building depending
on the architectural solution, the protective wall would be used as a second alternative. The
crash barrier panels should also be as light and thin as possible and must withstand both shock
waves and impact loads. Here it is important that the panels can be produced in an
economically favourable way and installed easily.
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Figure 1. Scenarios of terroristic attacks on a building (Picture: V. Zohrabyan).

The hand gunshots represent a high risk for soldiers in action. If it were possible to
eliminate this danger by using a protection system made of fiber concrete components with
exclusion of secondary debris, part of the task would be solved. In order to slow down or
completely intercept the secondary debris that flakes off as a result of the bombardment, the
fiber reinforced concrete slabs will in future be equipped with a kind of steel grid curtain. In
the following, the first test results of the fiber reinforced concrete slabs with high compressive
strength concrete C80/95 under hand gunshot are presented.

765

Vahan Zohrabyan, Thomas Braml, Tobias Zircher and Manfred Keuser

Figure 2. Attack with a car bomb with 400 kg TNT equivalent according to STANAG 2280 (Picture: V.
Zohrabyan).

3 Concrete Mixtures and Plate Production for Hand Gunshot Tests
In this project there were produced four concrete mixtures, each consisting of 3 test specimens
with different fiber types (polypropylene fibers and steel fibers). As steel fiber types, here it is
used: Krampeharex KH DE35/0,55 N (length: 35 mm, diameter: 0,55 mm, tensile strength:
1350 N/mm²), (KRAMPEHAREX GmbH and Co. KG, 2017) BASFMF 254 (length: 54 mm,
diameter: 0,81 mm, tensile strength: 552 N/mm²), BASFMF 249 (length: 48 mm, diameter:
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0,85 mm, tensile strength: 400 N/mm²) and BASF MF 244 (length: 40 mm, diameter:
0,81 mm, tensile strength: 552 N/mm²) (BASF, 2017). The composition of the fiber concrete
C80/95 is shown in Table 1.
Table 1.Concrete Composition Mix 1-4. (Kustermann et al., 2005) (Günter and Vollenschaar, 2011) (Richter,
2002) (Thienel and Kustermann, 2017)
Ingredients concrete mixture
Cement II/BM(S-D)52,5N
Stoneash
Aggregate 0/4 NfGK
Aggregate 4/8 NgGK
Aggregate 8/16 NgGK
Water
(W/C-ratio)
Superplasticizer
Fiber content
Steel fiber KH DE35/0,55 N
Polypropylene fiber MF 244
Polypropylene fiber MF 249
Polypropylene fiber MF 254
Plate thickness
Consistency

Mix 1-4
459 kg/m³
--784,9 kg/m³
419,8 kg/m³
620,6 kg/m³
145 kg/m³
0,316
2,55 %
1 Vol % for Mix 1 to 4
78,5 kg/m³ (Mix 1)
9,1 kg/m³ (Mix 2)
9,1 kg/m³ (Mix 3)
9,1 kg/m³ (Mix 4)
6 cm
F4

The dimensions of the fiber reinforced plates are 300 x 300 x 60 mm.

Figure 3. Production of test specimens.

4 Hand Gunshot Test
The hand gunshot tests were carried out in the laboratory of the Institute of Ballistics
Weapons and Munition at the Bundeswehr University Munich.
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4.1 Test Setup and Execution
The 300 x 300 x 60 mm thick fiber concrete plates were shot with both soft- and hard-core
shot caliber 7.62 mm x 51 308 Winchester. The projectiles have a weight of 9.5 g for soft core
and 9.8 g for hard core. These were fired by the ammunition tester series 1055, which can be
seen in the foreground in Figure 4.
The velocities of the projectiles were determined by measurement of two light barriers LS
23 F3/K2. These measure the speed with an accuracy of ± 0,1 %. An average bullet speed
velocity is 842.75 m/s and an average projectile energy computed 3373.03 Joule. The camera
was used in the bullet trap (Figure 4) which was triggered as soon as the projectile hit the
plate.

Figure 4. Setup and execution of hand gunshot test.

4.2 Results
In order to measure the damage caused by the projectile, the 6 cm thick plates fired on were
analyzed with regard to the crater volume (Figure 5).
The crater volume on the firing frontside and the opposite side as well as their mean values
are given in Table 2 and compared Figure 6.

768

Vahan Zohrabyan, Thomas Braml, Tobias Zircher and Manfred Keuser

Figure 5. Crater volumes.
Table 2. Mean crater volume front and backside.
Steel Fiber Type

Munition

Crater vol. in front [ cm 3]

Crater vol. in backside [ cm 3]

MF 254

SC

59,93

148,58

MF 244

HC

65,71

68,33

MF 249

SC

130,74

239,66

KH DE35/0,55 N

SC

117,95

252,43

Figure 6. Evaluation of crater volumes.

5

Conclusions

The aim of the presented study was to develop a high-performance concrete mix of high –
strength fiber concrete for the production of protective components, which was achieved.
- During the processing of the high-strength standard and fiber concrete, it turned out
that a very high use of personnel compaction energy is required to ensure target-
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oriented processing.
The steel fibers KH DE35/0.55 N have the best effect in concrete in terms of
increasing compressive strength and improving energy absorption when shot at with
soft-core ammunition. The plates of this mixture showed a good protective capacity
and withstood the shots well. (Michal et al., 2014)
- It can be said that the specimens produced with fiber Masterfiber 249 also showed
good results. It has to be said, however, that the fiber MF 249 only slowed down the
projectile and did not stop it.
In conclusion, it can be said that it is possible to manufacture protective components from
fiber reinforced, high-strength concrete.
Depending on the dimension and depth of damage after dynamic loading, the created
cracks and voids in concrete components can be repaired and strengthened by impregnation
and injection. The following variants are possible:
1) Closing the damage area: The aim is corrosion protection. It prevents the chloride
entering the component.
2) Sealing the damaged area: The aim is to eliminate water-bearing cracks.
3) Frictional connection: The aim is to create a frictional connection between the two
sides of the crack.
-
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Airborne Algal Growth on the Roofs of Membrane-Structured Residences
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Abstract. Discoloration of building facades due to airborne algae is observed in our surroundings. The
growth conditions of these algae are not fully clear yet, and efficient preventive measures have not yet
been determined. This study was aimed at investigating the influence of ambient environment and
building structure on algal growth. A residential building in the cold region of Japan was surveyed. The
roof was a multilayered structure consisting of a semi-transparent film, an air layer, an outside
insulation layer, and was supported by rafters. The soiled state was visually observed and recorded
through pictures, and seemed to be particularly increased in autumn. Several black stripes appeared on
the northeast (NE) roof four months after its cleaning. The soiling first appeared on the film backed by
the rafter, and then extended to the film backed by the air layer. It rarely appeared on the southeast roof.
The roof-surface temperature was measured and a stripe-shaped distribution was observed. The
temperature of the film with rafter was higher and lesser than that of the film with the air layer during
the night and in the early morning, respectively. Although condensation occurred nightly, its frequency
showed no orientational difference. Algae can die when exposed to a temperature higher than 40 °C.
The southwest roof had the longest period of a surface temperature over 40 °C, while the northwest
(NW) roof had the shortest period of this surface temperature. These measurements corresponded well
to the survey results according to which soiling mainly occurred on the NE and NW sides of roofs. The
time for algal growth was estimated assuming that algae can grow at surface temperatures between 0
and 40 °C.
Keywords: Roof Soiling, Airborne Algae, Surface Temperature, Condensation, Membrane Structure.

1 Introduction
An observation of the exterior walls of building walls shows many black or/and green soiling.
Some studies showed that this is caused by the adhesion and growth of airborne algae. Currently,
the main countermeasures against the algal soling are cleaning and repainting of such walls;
however, efficient preventive measures have not been developed yet.
Sharma et al. showed that airborne algae reported to date are species of 103 classes of the
three divisions. Tsujimoto et al. investigated the algal soiling in Japan and showed that algal
soiling could occur in all Japanese climatic zones. Häubner et al. showed that Stichococcus sp.
and Chlorella luteoviridis could grow at 1–35 °C, and their growth rate increases with
increasing temperature and reaches the maximum at 10–25 °C and is nonexistent at 30–35 °C.
Agrawal et al. showed that the survival rate of algae is greatly reduced when algae are exposed
to high temperatures over 40 °C for several tens of minutes. Nakajima et al. surveyed the soiling
conditions of a building with respect to the surrounding environment and showed that algae
could grow even on walls rarely exposed to rainwater when the humidity is high and if
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temperatures remained below 40 °C. They thus proposed a predictive model of the algal growth
and death on exterior walls as a function of the solar radiation, temperature, and humidity.
Although several studies have shown the qualitative relationship between airborne algal
growth and the environment, their quantitative relationship has not been fully evaluated yet.
This study was aimed at determining this relationship by focusing on a residential building with
membrane-structured roofs in a cold region of Japan.

2 Method of Survey and Measurements
2.1 Overview of Measured Building and Climatic Conditions
The one-story residential building that was considered for this study is located in Taiki town,
Hokkaido, Japan, and is surrounded by open grassland. It has a hipped roof structure, with
rafters arranged at intervals of 40 cm and insulations packed between them (Figures 1a and 1b).
The part with a thermal insulation layer has a cross section with a six-layer structure comprising
an exterior film, an outside air layer, the thermal insulation, a vapor-barrier, an inside air layer,
and the glass cloth, from the outside (Figure 1c). All the materials are semi-transparent. The
exterior film is made of a vinyl chloride film and a polyester base fabric and coated by
fluororesin.
Taiki town is located close to the sea and has subarctic climate. Figure 2 provides a graphical
representation of the outdoor temperature, relative humidity, and precipitation. The daily
average temperature falls below freezing point in winter but rises to approximately 20 °C in
summer. The relative humidity is over 80% in summer.
(a)

Middle part

Lower part
Upper part
Middle part

Upper part

Lower part

Northeast

Middle part

Northwest

Exterior
film

Lower part
Southeast

Southwest

(b)

50 mm

400 mm 50 mm

Rafter

A

(c)

Middle part
Lower part

Upper
part

Eaves

Exterior film (0.68 mm)
Outside air layer (50 mm)
Heat insulation (100 mm)
Moisture membrane (0.2 mm)
Inside air layer (500 mm)
Glass cloth

A
’
Lower
part

Middle
part

Ventilation holes

Figure 1. Overview of the measured house: (a) roof plan, (b) A–A’ section of roof in (c),
and (c) vertical section of the roof.
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Figure 2. Outdoor temperature, relative humidity, and precipitation in Taiki Town, Hokkaido, Japan.
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2.2 Measurement of Roof Surface Temperatures and Climatic Conditions
The surface temperatures of the roofs were measured through thermocouples and hygrothermal
sensors. The thermocouples were fixed to the indoor side of the exterior film by tape, and the
measured values were regarded as the surface temperatures because the film thickness was very
thin at 0.68 mm. The surface temperature was measured at the upper, middle, and lower parts
on the NE and southeast (SE) roofs, and at the middle and lower parts on the NW and southwest
(SW) roofs, as shown in Figure 1a.
The outdoor temperature and humidity were measured by a thermometer and hygrometer
(U23-002, Onset Computer Corporation), respectively, about 5-m NW to the building, where
the vertical and horizontal global solar radiations were measured through pyrheliometers (ML01, EKO Instruments).
2.3 Survey on Roof Soiling
The soiling of roofs was recorded through photographs captured by fixed-point cameras set
around the building on September 2017; the NE, NW, and SE roofs were photographed every
4 h.

3 Surveyed and Measured Results
3.1 Soiling of Roof Surface
3.1.1

Soiling difference depending on roof orientation

The photos of each roof are shown in Figure 3. The stripe-shaped soiling extends vertically
from the top to the bottom in the center of the NE roof. In the same manner, the stripe-shaped
soiling is also generated in the center of the NW roof. The soiling cannot be seen on the SE and
SW roofs.
a

b

c

d

Figure 3. Photographs of (a) NE roof, (b) NW roof, (c) SE roof, and (d) SW roof on May 2018.

3.1.2

Time profiles of soiling on NE and NW roofs

The photos of the NE and NW roofs from September 19, 2017 to March 19, 2019 are shown in
Figures 4 and 5, respectively. The roofs were cleaned by brushing and high-pressure washing
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on April 4, 2017, after which soiling was not observed on July 5, 2017. The soiling occurred
again at the mid-left part of the NE roof on September 19, 2017, and was observed on the roof
part downward from the chimney on October 20, 2017. On November 18, 2017, the soiling
darkened but did not show further change until December 15, 2017. The soiling on the eaves
faded on May 27, 2018, then became darker between June 21 and July 26, 2018. On August 26,
2018, the soiled area increased, the color darkened more than that on July 26, and gradually
darkened further from September 22 to October 15, 2018. The roofs were cleaned again on
October 22, 2018, after which soiling occurred at the left part of the roof downward from the
chimney on November 19, 2018; this remained unchanged from December 23, 2018 to January
23, 2019. The stripe-shaped soiling increased in the area downward from the chimney and
darkened on March 19, 2019.
In summary, the soiling hardly increased in the summer (July and August) and winter
(December, January, and February) but increased from March to June and from September to
November. The NW and NE roofs showed the same soiling tendencies.
2017/9/19

2018/8/15

2018/11/19

2017/12/15

2018/10/22

2019/3/19

Figure 4. Photographs of NE roof from September 2017 to March 2019.
2017/9/1

2018/8/15

2018/11/19

2017/12/15

2018/10/2

2019/3/19

Figure 5. Photographs of NW roof from September 2017 to February 2019.

3.1 Surface Temperature of Roofs
3.2.1

Difference in film temperature between parts backed by rafter and air layer

The surface temperature of the NE roof in summer and winter is shown in Figure 6. In summer,
the temperature of the film backed by the rafter (hereafter referred to as rafter part) was almost
the same as that of the film backed by the air layer (air layer part) (Figure 6a). The temperature
of the rafter part was approximately 1 °C higher than that of the air layer part during the daytime,
and the temperatures of both were almost the same at night. In winter, the temperature of the
air layer part was 3–5 °C higher than that of the rafter part in the daytime and 1–2 °C higher at
night (Figure 7a).
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Figure 6. Direct solar radiation and surface temperatures of NE roof in (a) summer and (b) winter.

3.2.2

Annual change in surface temperature on each roof

The annual surface temperature on the NE and SW roofs is shown in Figure 7, where high
temperatures of over 45 °C can be observed from June to August on the NE roof, and from
February to December on the southwest roof. On the NE roof, where the incident direct solar
radiation was the least, the frequency of temperature higher than 45 °C was least (Figure 7a).
The daily fluctuation of the surface temperature was large on the SW roofs (Figure 7b).
Temperature [°C]
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Daily minimum
temperature

Figure 7. Annual surface-temperature change on (a) the NE and (b) SW roofs. The bar length and circles
represent the daily-temperature difference and daily mean temperature, respectively.

3 Discussion
3.1 Relationship between Roof Surface Temperature and Roof Structure
In general, the roof surface temperature is higher at the upper part than at the lower parts
(Figures 6). This is probably because the outside air layer was warmed by solar radiation,
leading to thermal stratification. This stratification is likely to be accelerated by the nonuniform
structure of the roof. The upper and middle parts comprise the air layer of 50-mm thickness and
a 100-mm-thick insulating material, while the lower part does not have thermal insulation.
Therefore, the air volume at the upper and middle parts was smaller than that at the lower part
and their heat capacities were smaller.
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4.2 Surface Condensation on Roof
Figure 8 shows the time when the surface temperature was below the dew-point temperature of
the outdoor air. Frost was assumed to occur when the surface temperature was below 0 °C. As
shown in Figures 6, the surface temperatures on all roofs decreased below the dew-point
temperature of the outdoor air because of the nocturnal radiation, and they dropped below 0 °C
at night from November to April. Condensation occurred from May to October, and
condensation per day was long especially from September to October. This period of
condensation differs depending on the roof orientation; however, the frequency of occurrence
shows only a very small dependence on the orientation.

Data missing

12
6
0
2017/7/1

2017/11/1

2018/3/1

2018/7/1

2018/11/1

2019/3/1

2019/7/1

Frost

Frost

Condensation

Condensation

18

Time below dew point
temperature

Time below dewpoint
temperature [hour/day]

24

Figure 8. Time per day that the surface temperature was below the dew-point temperature of the outdoor air.
Air-layer part at middle part of NE roof.

4.3 Dependence of Soiling on Roof Orientation
The soiling situation at the surveyed building was evaluated by focusing on the surface
temperature and available water (condensation). Algae can grow in the temperature range of 1–
30 °C, and they die when exposed to the high temperatures. Thus, we focused on the occurrence
frequency of high temperatures of over 45℃.
On all the roofs, the surface condensation occurred (the source of water supply to the algae)
at night from May to November. Therefore, the algae can grow from May to November.
The measured roof temperatures showed that the SW, SE, NW, and NE roofs, in this order,
show high temperature frequency of over 45 °C. From May to November, the surface
condensation on the SE and SW roofs occurred during the night but was over 45 °C almost
every day. Therefore, the algae are considered to die because of high temperatures during
daytime, and soiling did not occur despite sufficient water supply. Compared to all roofs, the
frequency of the high temperature of over 45 °C was least on the NE roof when surface
condensation occurred, and thus the algae grew most actively on this roof. These results
correspond well to the surveyed results where soiling was observed to occur on the NE and NW
roofs but not on the SE and SW roofs (Figure 3).
4.4 Difference between Soiling on Rafter and Air-Layer Parts
For the rafter and air-layer parts of the NE roof, the frequency of high temperatures of over
45 °C was almost same. However, the surface condensation on the rafter part occurred more
frequently than on the air-layer part, and the condensation period per day was longer on the
rafter part from March to November. Therefore, the algae are considered to grow more likely
at the rafter part than at the air part (Figure 3).
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4.5 Occurrence of Soiling Based on Time of Year
Considering the water supply and temperature suitable for algal growth, the estimated time of
the year when the algae can survive is shown in Figure 9. For example, on the NE roof, the
surface temperatures were from 0 to 45 °C and condensation occurred from August to
September 2017, the middle of July 2018, and from September to October 2018. Thus, the algae
are predicted to grow during these periods. This prediction corresponds well to the result that
the soiling was observed from July to November 2017 and from June to November 2018, as
shown in Figure 4.
On the SW roof, the high temperatures of over 45 °C occurred all year round. Therefore, it
is predicted that the algae could grow only in a limited time in February 2017, from the end of
November to the beginning of December 2017, and a part of January 2018. These predictions
well correspond to the observed result that soiling did not occur on the SW roofs.
3

(a)

Condensation
2
Algal growth period

Temperature
1
over 45 °C
0
3

Data missing

(b)

Condensation
2
Algal growth period

Temperature
over 45 °C1
0
3

Condensation2

Data missing

(c)

Temperature1
over 45 °C
0
2017/7/1

Algal growth period

Data missing
2017/11/1

2018/3/1

2018/7/1

2018/11/1

2019/3/1

2019/7/1

Figure 91. Estimated period for algal growth because of the occurrence of the condensation and high
temperature. Air-layer part of middle part of the (a) NE and (b) SW roofs. (c) Rafter part of the middle part of
the NE roof. Condensation: the day when the condensation occurred. Temperature over 45 °C: the day when the
daily maximum temperature reached over 45 °C.

5 Conclusion
This study was aimed at clarifying the quantitative relationship between airborne algal growth
and the surrounding environment. The following conclusions can be drawn.
– The stripe-shaped soiling extended vertically from top to bottom on the NE and NW roofs.
In contrast, soiling did not occur on the SE and SW roofs. On the NE and NW roofs, the
soiling hardly increased in the summer and winter but increased from March to June and
from September to November.
– The SW, SE, NW, and NE roofs, in this order, showed the highest frequency of surface
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temperatures of over 45 °C because of solar radiation.
– The surface condensation occurred on all roofs from May to October, and the daily
condensation time was long, especially from September to October. The frequency and
period of the condensation were almost the same for all roofs (orientation).
– The surface temperature of the SE and SW roofs was higher than 45 °C during the daytime
from May to November. Therefore, despite the occurrence of the condensation, the algae
died owing to the high temperature, and thus soiling did not occur.
– The comparison of the rafter and air-layer parts of the NE roof showed an almost same
frequency of high temperatures of over 45 °C. However, the condensation time per day at
the rafter part was longer than that at the air-layer part. Therefore, the algae could grow
more on the rafter part, where the soiling was first observed to occur.
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Abstract. Currently, there is still no information regarding the performance of public buildings after
their construction and the relationship with the needs for carrying out maintenance activities. This paper
presents some of the main anomalies detected in six schools, built between 1997 and 2003 in Lisbon.
The analysis of the degradation condition of these schools was based on data obtained through detailed
visual inspections, carried out in three distinct periods of their operation phase, 2007, 2013 and 2018.
The highest level of severity mainly concerns defects on buildings structure and buildings envelope and
results from bad decisions made during design and/or construction. Therefore, there are serious
problems related to the premature deterioration of these educational buildings, requiring expensive,
complex and unplanned major repairs to achieve their specified design service life. This work highlights
the need for greater involvement of school building management entities, in the early stages of the
building process, including design, tendering, construction and handover.
Keywords: Elementary School, Building Condition, Anomalies, Durability.

1 Introduction
The building condition assessment (BCA) is a systematic inspection, review, and report on the
state of a building’s structure, construction elements and systems. The BCA provides an
identification of elements anomalies and the expected costs to remedy those deficiencies. This
is an important step for the management of buildings maintenance and should be applied to the
existing elementary public school portfolio of Lisbon. This network of schools includes more
than 100 buildings with construction ages ranging from the nineteenth century to the beginning
of this century (Raposo, 2011). Despite the existence of schools operating in very old buildings,
are the most recent schools, built after 1980, that present major problems of conservation and
maintenance (Raposo et al., 2008).
In the present paper, the results obtained through visual inspection of six school
establishments, built between 1997 and 2003, are presented. Inspections were carried out in
2007, 2013 and 2018 and it was possible to identify some recurring anomalies and causes for
the accelerated and premature degradation that occurs in these buildings.

2 Research Methodology
In 2007 Raposo, Fonseca and Brito (2008) carried out a preliminary research on six elementary
school of recent construction in Lisbon. The work was developed in two phases: (i) collection
and treatment of information from the design phase and from the use and operation phase, (ii)
fieldwork with detailed visual inspection of the buildings. In 2013 an inspection and BCA was
performed of the building’s structural and envelope components and playgrounds and outdoor
spaces (Luís, 2013), and of the building’s interior elements, including finishes, walls, ceilings,
doors and plumbing (Nogueira, 2013). In 2018, the National Laboratory for Civil Engineering
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carry out an assessment of the maintenance condition of 55 kindergarten (k) and elementary
schools (EB1), for the Municipality of Lisbon (Vilhena et al. 2019). Extensive and detailed
photographic and written records were made about anomalies detected allowing its comparison
over time.
Table 1 shows the building characteristics of Prista Monteiro School (PM), Vale de
Alcântara School (VA), Alto da Faia School (AF), Padre Rocha e Melo School (PRM), Alta de
Lisboa School (AL) and Vasco da Gama School (VG) integrating the kindergarten and three
levels of basic education.
Table 1. School Buildings Characteristics.

Schools
PM
VG
VA
AF
PRM
AL

Year
1997
1999
2001
2001
2002
2003

Pupils
110
600
130
340
330
330

Level
EB1
k+EB1/2/3
k+EB1
k+EB1
k+EB1
k+EB1

GA (m2)
2200
8800
1700
4000
3000
3300

Floors
2
3
2
3
2
2

Year of Inspection
2007-2018
2007-2018
2007-2018
2007-2013-2018
2007-2018
2007-2013-2018

3 Results
3.1 Foundation and Structure
The structure of VA School building is a system of slabs, columns and beams in reinforced
concrete. The inspection carried out at this school in 2018, revealed the existence of serious
anomalies in the structure namely, the existence of extensive structural deformations and the
existence of wide opening cracks in multiple walls and ceilings on the two floors of the building.
Figure 1 shows the result obtained through inspections carried out in 2007 and 2018, where
it is possible to observe the degradation mechanism of the building’s structure and interior and
exterior partition walls. They were identified foundations settlement problems and water
infiltration through the roof in several classrooms (Vilhena et al., 2019). Following this
inspection, the school was closed for further rehabilitation intervention.

(a)

(b)

(c)

(d)

Figure 1. VA School: deterioration process of the exterior partition wall in 2007 (a) and 2018 (b). Cracks in
walls in 2007 (c) and 2018 (b).

The 2018 survey, carried out in AF school, revealed the existence of anomalies in the outdoor
constructive elements. The most frequent anomalies in these elements are oriented cracking,
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severe fracture, differential settlements and deteriorated expansion joints without sealant. Some
of these defects were detected since 2007, when only six years had passed on handover of the
building. Figure 2 shows the result obtained through inspections carried out in 2007, 2013 and
2018, on the supporting wall located in AF school's outdoor spaces. It is possible to observe the
existence of settlements and structural movements that remain unsolved.

(a)

(b)

(c)

Figure 2. AF School-outdoor spaces: deformation and settlement of the supporting wall and the recurring
appearance of cracks. Anomaly evolution in 2007 (a), 2013 (b) and 2018 (c).

AL School was implanted on a landfill site, which is very steep along the longitudinal and
transversal development of the building. The building structure is in reinforced concrete and is
made of two blocks connected by an access ramp and stairs. In 2007, the existence of several
anomalies resulting from the differential settlement of the two blocks was already visible
(cracking in walls and broken elements). Although several repairs have been carried out in the
building, 2013 and 2018 surveys revealed that the settlement movement remains active and the
cracks in the walls and floors continue to appear (Fig. 3a). In AL, AF and PRM Schools,
deteriorated expansion joints without filling material and sealant was observed (Fig. 3b,c,d,e).
Lack of repair of the joints exposes the building elements to water infiltration and mechanical
actions.

(b)

(a)

(c)

(d)

(e)

Figure 3. AL School: foundation settlement movement: broken stone and construction joint opening in 2013 (a).
Expansion joints without sealant: AF School in 2007 (b) and 2018 (c); PRM School in 2007 (d) and 2018 (e).

3.2 Building Envelope
3.2.1

Roofs

Three of the six buildings have flat roofs (PRM, AL and VA schools), AF school presents a
mixture of flat and sloping roofs in metal sheet, PM school present a sloping roof covered with
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ceramic tiles, and VG School presents a non-traditional roof covering made of ceramic pellets.
In PM School, infiltrations water problems continue to be observed since 2007 survey, in the
area of the gymnasium affecting both the ceiling and the floor. The AF School continues to
present problems between the several flat and sloped roofs boundary buildings (Fig. 4a).
Skylights are the element that most frequently presents anomalies caused by water infiltration.
It was possible to observe the degradation mechanism in ceilings, walls and floor coatings,
caused by water infiltration through skylights in PMR School (Fig. 4b,c).

(a)

(b)

(c)

Figure 4. AF School: mixture of flat and sloping roofs in metal sheet (a). Water infiltration problems betewen
the building´s roofs. PMR School skylights problems in 2018 (b), (c).

3.2.2

Exterior walls, windows and doors

Part of the exterior walls of AF School is made up of Corten steel panels and it was found that
over the years, colour changed from orange-brown to dark brown as expected (the rust layer
transforms into a patina layer) (Fig. 5a, 5b). However, aesthetically the overall wall covering
did not result because there are panels with different colors, which may have been the result of
localized repair work or replacement of some panels over the years. The wall facade presented
serious problems of corrosion and lack of fixation, with risk for building users (Fig. 5c). In
PRM School, the cladding of ventilated facades in wooden panels presented several anomalies
related to acts of vandalism (scratches and graffiti), stains and non-uniforme darkening of the
surface and unequal joint opening (with large local openings) without any filling (Fig. 5d,e)
exposing the building elements to water infiltration.

(a)

(b)

(c)

(d)

(e)

Figure 5. AF School – exterior walls in Corten steel panels: colour change from 2007 (a) to 2018 (b). Corrosion
and fixation problems in panels in 2018 (c). PRM School wooden panels degradation in 2007 (d) and in 2018 (e)
with 16 years of service life.

In PRM School, damaged or missing door locks and handles were observed in the surveys.
These failures severely reduces the adequate serviceability of the exterior doors (Fig. 6a,b).
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These anomalies were detected in 2007 in doors with 5 years of service life. In general, some
problems with rain penetration were observed in windows and non-operational interior
polystyrene blinds is a very frequent anomaly. In AF School the outdoors shading were broken
and deformed caused by its proximity to the playing field (Fig. 6c,d).

(a)
.:

(c)

(b)

(d)

Figure 6. PRM School: missing door locks and handles 2007 (a) and 2018 (b). AF School: outdoors shading
broken and deformed in 2007 (c) and 2018 (d).

3.3 Building Interior
3.3.1

Floors, walls, ceilings and doors

At PRM School, the degradation mechanism of the floor finishes, in the arts and crafts areas,
next to the classrooms, caused by frequent water leakages from the washbasin siphons, has been
observed since the 2007 inspection. In 2018, the placement of floor covering patches in this
area was observed. Figure 7 (a,b,c) shows three stages of the vinyl floor covering degradation
process caused by wet-dry cycles exposure conditions.

(a)

(b)

(c)
(c)

Figure 7. PRM School: vinyl floor degradation process caused by wet-dry cycles exposure conditions. Area in
good condition and severely damaged area in 2007 (a,b); floor repaired in 2018 (c).

In the VA, AL, VG and PM Schools, cracks in interior to exterior walls and partitions walls
were observed in 2018. In VA School, the severity and extent of the affected areas, indicates
that the emergence of cracks is related to structural problems and differential settlements. In
general, the most frequent anomalies in walls are related with deficient protection of corners
and lack of adoption of wainscot/paneling elements in corridors and areas of intensive use.
Degradation in wall painting due to the use of adhesive tape for the exhibition of students’
work was observed in the inspection carried out in 2007. In 2018 survey this anomaly was
observed more frequently and over a larger area of walls (Fig. 8a).
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In ceilings, moisture and water ingress are the most frequent anomalies. Figure 8 (b,c) shows
the increased severity of this phenomenon in VA School, that may have resulted initially from
lack or loss of waterproofing capacity of the building envelope (in 2007) and later resulted from
the combination of several causes including building structural and foundations settlement
problems (in 2018).

(b)

(a)

(c)

Figure 8. AF School: degradation in wall painting due to the use of adhesive tape for the exhibition of students’
work in 2018 (a). VA School: water infiltrations in the ceilings in 2007 (b) and in 2018 (c).

The model of the sliding doors used to separate the classrooms from the arts and crafts areas
and in bathrooms (PRM, PM and AF Schools) presented several functional problems related to
unsuitable serviceability, vertical misalignment and deficient fixation tracks causing localized
wear on the floors finishes (Fig. 9a). The use of large bellows doors to separate the gym from
school cafeteria is a widely used solution in these recent buildings schools. This solution aims
to open the spaces with an area for students to perform shows/theaters an area for the audience.
Due to their characteristics, theses doors are large (length and height) and are heavy, which
makes manual maneuvering difficult. These doors are now permanently closed and are not used
because they require maintenance and repair actions without which their safe use is not
guaranteed (Fig. 9b). At PRM School, door closer need to be repaired in interior fire doors. In
2007, these elements were damaged (Fig. 9c), while in the 2018 survey it was found that the
element was not placed where it was supposed to be (Fig. 9d).

(a)

(b)

(c)

(d)

Figure 9. AF School: sliding door anomaly (a) non-operational bellows doors (b). PRM School: door closer
anomaly in fire doors in 2007 (c) and 2018 (d).

3.3.2

Sanitary services

In 2018 survey, it was found that all schools continue to have recurrent problems and anomalies
in the sanitary equipment and in the water supply and wastewater drainage networks. These
installations are used intensively and not always in the most appropriate way. The most frequent
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anomalies in these systems continue to be (i) the breakdown of the toilet flushes, (ii) fixing
problems of water faucets and (iii) problems with the drainage capacity of the wastewater
network. The lack of proper maintenance and misuse, results in nonfunctional equipment and
sometimes in floods. Figure 10 (a) shows the poor fixing of the water tap and deficient drainage
of the wastewater, (b) failure in the flushing system causing waste of water and (c) anomaly in
the floor box of the wastewater network.

(a)

(b)

(c)

Figure 10. PRM School: anomalies on water tap and in the water flow, 2007 (a) failure in the flushing
system, 2018 (b) and anomaly in the floor box covering finish of the wastewater network, 2018 (c).

4

Conclusions

This article presents the results of three inspections carried out in 2007, 2013 and 2018, on six
school buildings built after 1997. The study revealed the existence of severe and unexpected
degradation in these buildings. Anomalies related to the settlement of foundations and
movements in the structure, are probable causes for the problems in other construction elements
(cracking in interior and exterior walls and water infiltration). Observations made over the years
showed that many of the structural problems are not stabilized what may have been caused by
execution and/or design errors. It was found that one of the schools, with 19 years of service
life, had to close, due to the existence of structural failures that endangered the health and safety
of building users. Structural problems must be solved before carrying out many of the minor
repairs, but they are complex, expensive, and so postponed.
Building schools should be designed to have a long service life, up from 50 years, so
premature degradation of buildings is a problem with negative environmental, social and
economic impacts. This work highlights the need for greater involvement of school building
management entities, in the early stages of the building process, including design, tendering,
construction and handover, to ensure that buildings and building elements fulfil their function
for their specified design service lives.
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Abstract. For rehabilitation of existing concrete structures, strength and durability related properties
of the reinforced element are of high importance. Assessment of these properties of existing structures
can be performed by (i) destructive testing of drilled cores and testing the extracted samples in lab
environment and (ii) indirect methods by using non- or semi-destructive techniques on site. The use of
core-drilling is a time-consuming and labour-intensive method that weakens the existing concrete
structure, leaving a lasting impression on it. As an alternative, many different non and semi-destructive
techniques are available for the in-situ determination of compressive strength and durability related
properties. An experimental program is conducted on concrete slabs of different strength classes
intended for various exposure classes (according to EN206), based on a limestone aggregate matrix,
which is typically used for Belgian applications. The plates have an age of approximately 5 years, which
were also characterized at younger stage (in 2014). Besides destructive core drilling and testing
(compressive strength tests, chloride migration testing, and determination of carbonation rate), several
non-destructive techniques were selected for this study: the rebound hammer, the ultrasonic pulse
velocity tester, the Wenner probe for concrete resistivity and the air permeability tester. Best fit
correlations between the output of these different techniques were established. The effect of age (e.g.
carbonation) on the established predictive models is being evaluated.
Keywords: DT vs. NDT, Strength, Durability, Transport Properties, Age Effect.

1 Introduction
For characterization of existing concrete structures, insight in the strength and durability related
properties are necessary in order to come to an adequate rehabilitation or repair strategy (Hobbs
et al. (2007)). Assessment of these properties can be performed by (i) time-consuming and
labour-intensive destructive testing of drilled cores and testing the extracted samples in lab
environment and/or (ii) indirect methods by using non- or semi-destructive techniques on site,
as an alternative. In this study, an experimental program was conducted on concrete slabs with
an approximate age of 5.5 years, intended for various exposure classes (variation in W/C-ratio,
cement type and cement content), based on a limestone inert matrix, and frequently used for
Belgian applications. These slabs were intensively investigated, both in 2014 and 2019, by
means of destructive testing (compressive strength tests, chloride migration testing, and
determination of carbonation rate), and non-destructive techniques: the rebound hammer, the
ultrasonic pulse velocity tester, the Wenner probe for concrete resistivity and the air
permeability tester. Best fit correlations between the output of these different techniques were
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established. The effect of age (e.g. carbonation) on the established predictive models is being
evaluated.
By measuring the propagation speed of ultrasound waves through the material, the concrete
quality is investigated. A high pulse velocity will result in a good quality concrete and,
therefore, a higher compressive strength and more durable material can be expected. In this
study, only ultrasonic techniques were used to determine to ultrasonic pulse velocity (direct
transmission), according to EN 12054-4. The main influencing parameters on the output of the
UPV are the type, content and hardness of the aggregates, the presence of cracks/voids in the
structure and the moisture content of the concrete (Breysse (2012)). The W/C-ratio also affects
the readings in pulse velocity. Furthermore, relative humidity also influences the output. The
pulse velocity might increase up to 5% between dry and saturated test specimens, according to
Solís-Carcaño et al. (2008).
The rebound hammer measures the rebound of a spring-loaded mass impacting on the
surface of a concrete sample or structure, generating the rebound number, according to EN
12504-2. The higher this number, the harder the surface, indicating a high concrete compressive
strength. A correlation exists between the compressive strength of standard cubes and the
rebound number obtained by the hammer. However, this correlation is not universal and has to
be modified for different devices, different concrete mixes or different conditions of testing.
The condition of the surface has a high influence on the readings. Furthermore the type and the
hardness of the aggregate and the carbonation degree, as it increases the surface hardness of the
concrete, will have a big influence on the rebound number (Kim et al. (2009)).
Measuring concrete resistivity on site can be performed in various ways. It is often measured
with a Wenner probe consisting of four equally spaced point electrodes that are pressed onto
the concrete surface. Results show that there is no appropriate relationship between surface
resistivity and strength, generally due to different mechanisms support compressive strength
and electrical resistivity. Consequently, it is not recommended to use surface resistivity as an
indicator for evaluation of compressive strength (Ramezanianpour et al. (2011)). Nevertheless,
the electrical resistivity of concrete is an important parameter, e.g. used to describe the
corrosion rate of reinforced concrete elements for durability assessment. This parameter is
related to the water content, the cement type, the W/C-ratio of concrete and the hydration
degree. Environmental conditions such as relative humidity and temperature also affect the
resistivity of the concrete matrix.
Several researches have shown that the coefficient of air permeability kT correlates quite
well with other standardized durability related tests (Jacobs et al., 2009). For instance,
carbonation depth of concretes after 500 days of natural exposure correlates well with their kT
values measured at 28 days: higher air permeability leads to higher carbonation rate. These
concretes have W/C-ratios in the range 0.26-0.75 and are made with CEM I (except few mixes
to which 5-8% silica fume was added). Torrent et al. (2012) also found a rather good correlation
between kT and results of the rapid chloride permeability test (ASTM C1202), with data
originating from mixes with Portland cement, slags, fly-ashes and micro silica, and varying
W/C-ratios (0.4-0.9).
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2 Materials and Methods
2.1 Concrete Composition
The study was initiated in 2013, with the casting of 14 non-reinforced slabs using 7 concrete
mixtures with strength classes varying from C12/15 up to C50/60. For each mix two slabs (600
x 100 x 100 mm³) were cast and tested (destructive compressive strength and various non- or
semi-destructive techniques, as mentioned in (Craeye et al., 2017)). The properties of these
mixtures are given in Table 1. These concrete mixtures are frequently applied in Belgium for
different exposure classes. Limestone aggregates are used (max. grain size 22 mm), except for
mixture C25/30 (which used porphyry 8 mm). Blends of three different cement types are
selected: Portland CEM I 52.5R and blast furnace slag CEM III/A 42.5N – CEM III/B 42.5N.
Once this research project was finished, the slabs were stored in an unconditioned but
sheltered outside environment. For this research study, the slabs are tested with an approximate
age of 5.5 years.
Table 1. Concrete composition in different strength classes.

Strength class

Exposure
Class

Slump
W/C

Aggregates

Cement
Min. content

C12/15

X0

S4
1.00

Limestone
22 mm

CEM III/B 42.5N LH SR LA
260 kg/m³

C20/25

XC2

S3
0.60

Limestone
22 mm

CEM III/B 42.5N LH LA
280 kg/m³

C25/30

XC3-XF1

S3
0.55

Porphyry
8 mm

CEM III/B 42.5N LH LA
280 kg/m³

C30/37

XC4-XF1

S3

Limestone

0.50

22 mm

CEM I 52.5R
+ CEM III/B 42.5N LH LA
300 kg/m³

C35/45

XC4-XD3-XF4

S3
0.45

Limestone
22 mm

CEM III/A 42.5N LA
320 kg/m³

S3

Limestone

0.40

22 mm

CEM I 52.5R
+ CEM III/A 42.5N LA
320 kg/m³

S4
0.40

Limestone
22 mm

C40/50

C50/60

XC4-XD3-XF4

XC4-XD3-XF4

Max. grain
size

CEM I 52.5R
+ CEM III/A 42.5N LA
340 kg/³
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2.2 Selection of (Non-)Destructive Methods
Out of each slab 7 cores (diameter 100 mm, height 100 mm) are drilled to perform compressive
strength, chloride migration and carbonation tests. To determine the actual compressive
strengths of the concrete slabs, 3 cores are tested per slab, according to EN 12504-1. The core
strength is converted into the equivalent cube compressive strength (f*ccub150) by means of a
shape factor (averaged value of 1.05, NBN B15-001).
Prior to the drilling the slabs are examined in a non-destructive way: ultrasonic pulse
velocity (direct transmission), air-permeability, surface resistivity, and rebound hammer tests
are executed, according to EN 12504-2, SIA 262/1, AASHTOT277 and 12504-4 respectively.
The location of the tested area on the slab are identical for each test.
Chloride migration is determined in a non-stationary way, according to the NTBuild 492
regulations on 3 cores per slab. The depth of carbonation (or the carbonation coefficient) is
determined on 1 core per slab, according to EN 14630, using 1% phenolphthalein solution.

3 Results and Discussion
3.1 Strength Assessment
In Figure 1a) the results of the individual tests on both slabs per strength class are given and
compared to the results obtained in 2014. There is a time difference of 5.5 years in between the
2014 and 2019 results. In general, there is a slight decrease in strength, except for C20/25.
Lower strength loss was observed for the lower strength classes: 1.3% and 4.9% for C12/15
and C20/25, while for C30/37-C35/45-C40/50-C50/60 the decrease is 20.9%-9.0%-4.4%-8.4%
respectively.
The output of the equivalent cube compressive strength results is linked to the test results of
the ultrasonic pulse velocity (direct transmission), the rebound hammer measurements and the
air permeability measurements, as shown in Figure 1b), Figure 1c) and Figure 1d).
Linear regression analysis is performed the obtain the best fitting curve between destructive
and non-destructive test, and the reliability of the correlation of one method specifically, is
quantified by means of the coefficient of determination (R²-value) and the standard deviation
(shown in the graphs). A linear correlation exists between cube compressive strength and the
ultrasonic pulse velocity and compressive strength and the rebound number, with comparable
correlation R² of 0.701 and 0.726 respectively. Compared to the 2014 study, there is a noticeable
drop in R² (0.957 for the rebound number, 0.886 for the ultrasonic pulse velocity):
measurements on concrete surfaces that were subjected to environmental effects, have a
significant lower linear coherence compared to tests performed on young concrete. It is known
that carbonation has an effect on strength-hardness correlation (Kim et al., 2009) which is also
identified in this study. There is a noticeable shift in the correlation in between the 2014 and
2019 correlation curve (Figure 1a)). Furthermore, the difference in between the correlation
provided by the provider of the supplier and the one obtained in this research is worth
mentioning. For a given strength, the rebound number increases due to carbonation, and this
effect is more prominent for higher strength classes. Comparable conclusions can be drawn
regarding the correlation in between strength and ultrasonic pulse velocity. However, the effect
of carbonation is less clear. Furthermore, the compressive strength is inversely proportional
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with the air permeability (Figure 1c)): increasing the permeability of matrix leads to a decrease
in strength. A good correlation is found in this project, R² equals 0.83.
As the resistivity meter is not designed for strength estimation, the measurements cannot be
related to each other. In comparison with the 2014 study, it appears that the surface resistivity
of the concrete slabs increased over a period of 5.5 years.
a)

b)

c)

d)

Figure 1. a) Equivalent cube compressive strength 2014-2019, b) correlation f*ccub150m-rebound number, c)
correlation f*ccub150m-air permeability, d) correlation f*ccub150m-ultrasonic pulse velocity.

3.2 Durability Assessment
The depth of the carbonation and the chloride migration coefficient is determined destructively
on the cores drilled out of the slabs. The results are presented in Figure 3a). The effect of the
strength class is clearly noticeable. However, as the cement type has a decisive effect on
durability and corrosion related properties such as carbonation and chloride migration (Hiemer
et al. (2018)) a subdivision of the results is needed. The carbonation coefficient decreases with
increased strength class for the slabs with a lower strength class concrete (C12/16 to C25/30)
with blast furnace slag cement (CEM III/B) (Figure 3a)). For the higher concrete strength
classes, using blends of Portland CEM I 52.5 and blast furnace slag CEM III, no effect of
strength class on carbonation is found. The higher carbonation coefficient is noticed for the
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slabs with strength class C35/45. This is due to the single use of blast furnace slag CEM III/A,
which is more susceptive to carbonation. It is known that carbonation leads to precipitation of
CaCO3 which leads to an increase in hardness of the concrete surface and densification of the
matrix, however without increasing the strength of the material. As carbonation of the concrete
cover increases, the permeability of the matrix increases (Figure 3c)) and a decrease in pulse
velocity can be identified (Figure 3b)). The permeability of concrete has an effect on the speed
of propagation of the ultrasonic pulse, which is shown in Figure 3d). Elements with high
permeability have a lower pulse velocity, mainly due to the scattering of the pulse through air
present in the pores. It is important to note that the use of the air permeability meter can be a
good alternative for the ultrasonic pulse velocity tester.
No trend is noticeable regarding effect of strength class on chloride migration (Figure 3a).
The cement type has a decisive effect on transport of chlorides through concrete: using blast
furnace slags has a more positive effect on chloride migration compared to the strength class.
Finally, a higher chloride migration is found in case of higher air permeability or surface
resistivity (Figure 3e), Figure 3f)), however the scatter on the results is quite high, and therefore
a clear correlation cannot be established.

Figure 2. Carbonation depth of concrete with different strength classes.
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a)

b)

c)

d)

e)

f)

Figure 3. a) Results of carbonation coefficient and chloride migration DRCM, b) correlation carbonation coefficientultrasonic pulse velocity, c) correlation air permeability-carbonation coefficient, d) correlation air permeabilityultrasonic pulse velocity, e) correlation air permeability-DRCM, f) correlation surface resistivity-DRCM.
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4 Conclusions
In this study an experimental program is conducted on concrete slabs of different strength
classes intended for various exposure classes, based on a limestone aggregate matrix. The plates
have an age of 5.5 years, and are also characterized at younger stage (in 2014). Destructive core
drilling and testing and several non-destructive techniques are used to assess strength and
durability related properties of the slabs.
A slight strength decrease is found after 5.5 years with higher strength loss is for higher
strength classes. Furthermore, the strength is linear proportional with surface hardness and
ultrasonic pulse velocity and inversely proportional with air permeability. Compared to the
results of 2014 (i) higher coefficient of determination on the obtained correlation curves is
found and (ii) a shift on the correlation curves is noticeable, linked to the aging effect due to
carbonation. This aging effect is more pronounced for the rebound hammer results. The effect
of strength class on carbonation rate is clearly noticeable for slabs of lower strength classes (up
to C25/30). For higher strength classes the effect of cement type is more pronounced.
A linear correlation with high coefficient of determination is found between carbonation
coefficient, air permeability (directly proportional) and ultrasonic pulse velocity (inversely
proportional). Note that the air permeability test is a good non-destructive alternative for the
ultrasonic pulse velocity test: elements with high permeability have a lower pulse velocity,
mainly due to the scattering of the pulse through air present in the pores.
Finally, no trend is noticeable regarding effect of strength class on chloride migration and a
higher chloride migration is found in case of higher air permeability or surface resistivity,
however a clear correlation cannot be established.
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Abstract. The purpose of this study is to improve the recruitment of flat oyster larvae, an endangered
species, by means of a specific marine infrastructure made of concrete. This work aims to develop and
optimize concrete formulations by varying the type of cement and introducing shellfish by-products into
their composition and determine which concrete formulation is the most sustainable to marine organism
colonization. Indeed, it is essential to obtain a sustainable concrete submitted to aggressive marine
environment (chloride ions diffusion and bio-colonisation). Four concrete formulations were tested with
two types of cements (CEMII and CEMV) and with or without the incorporation of shell aggregates.
The durability of these materials was tested after 3 months of immersion in the Rance of Dinard
(France). It appears from this study that the CEMII concrete exhibits a good mechanical resistance
independently of the presence of shell, after immersion in situ. This concrete also shows better resistance
to chloride ions diffusion than CEMV. However, CEMV possess larger compressive strengths than
CEMII, and mollusc shells incorporation does not decrease this strength as much as for CEMII. Shell
incorporation in the concretes has an effect on strength, chloride penetration and porosity which depend
on the used cement and seawater.
Keywords: Flat Oyster Larvae, Marine Infrastructure, Concrete, Bio-Colonisation, Durability.

1 Introduction
Coastal areas play a crucial role in the economic, social and political development of most
countries. As a result, the maritime coasts are increasingly urbanized. Indeed, human activities
(ports, tourism, fishing ...) require maritime structures and infrastructures which are often made
of concrete. These coastal developments are responsible for the loss of many marine species
habitats (Firth et al., 2013, 2014).It is therefore important to offset the residual impacts by
generating an equivalent gain in biodiversity.
This study is carried out within the framework of the European Marineff project, which is
part of this context. One of this study‘s objectives is the design of maritime infrastructures for
flat oysters (Ostrea edulis Linnaeus, 1758) restoration in the Channel. Indeed, the flat oyster is
an endangered species.
Over the years, a new approach has emerged, in the aim of enhancing marine infrastructure
(surface condition, structure and composition) to promote ecological succession (Firth et al.,
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2014; Perkol-Finkel and Sella, 2014; Sella and Perkol-Finkel, 2015). Thus, the term “ecological
engineering” emerged (Bergen et al., 2001; Dennis et al., 2018; Firth et al., 2014, 2016; Pioch
et al., 2018; Strain et al., 2018). The effectiveness of eco-engineering interventions varies
according to habitats and marine biological communities. Indeed, each marine organism has a
different response depending on the infrastructure (Coombes et al., 2015; Hanlon et al., 2018;
Jones et al., 1994).
One of the solutions could therefore be the design of bio-receptive and sustainable concrete for
the implementation of these infrastructures. Concrete immersed in the marine environment will
undergo chemical, physical and biological attacks that can lead to its deterioration (BastidasArteaga et al., 2008; Sanchez-Silva and Rosowsky, 2008). It is therefore important to design
concrete that is as durable as possible in order to ensure its sustainability in its immersion
environment.
Using a combination of laboratory and field experiments, we aimed to: (1) develop and
optimize concrete formulations by varying the type of cement and introducing shellfish byproducts into their composition (2) determine which concrete formulation is the most
sustainable following the colonization of marine organism.

2 Material and Methods
2.1 Concrete’s Formulations
For this study, 4 concrete formulations were designed with 2 types of cement, Portland cement
(Calcia), CEM II/A-LL 42.5 R CE PM-CP2 NF and CEM V/A (S-V) 32.5 N-LH CE PM-ESCP1 NF. These two types of cement are suitable for use in sea waters. Siliceous alluvial sand
was used in granular class 0/2. Alluvial aggregates were also used and are composed of two
sizes, 4/10 and 10/20 (Figure 1). A substitution of 20% of the aggregates (D4/10) by oyster
shell aggregates was made to study the effect of this biomineral by-product on the recruitment
of oyster larvae. Indeed, the incorporation of mollusc shell aggregates can increase the bioreceptivity of concrete because they provide an ideal substrate for the settlement of marine
organisms (Graham et al., 2017; Hanlon et al., 2018).
Sand (0/2)

Gravel (4/10)

Gravel (10/20)

Oyster shell (4/10)

Figure 1. The various types of aggregates used to elaborate the concretes of this study.
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After the characterization of the raw materials, concrete mix designs formulation was carried
out in accordance with EN 206-1. The four studied concrete formulations are given in Table 1.
Table 1. Concrete's formulations (Proportions given in kg/m3 of concrete).

Formulations

F1 : CEM II
without shell

F2 : CEM II with
20 % shell

F3 : CEM V
without shell

F4 : CEM V with
20 % shell

350
800

350
800

350
800

350
800

Gravel 4/10

600

479

600

479

Gravel 10/20
Shell
Water
Superplastifiant

500
175
1.28 %

500
121
175
2%

500
175
1.28 %

500
121
169
2%

Components
Cement
Sand

2.2 Concrete Durability Against Marine Environment
To study the sustainability of the concretes in marine environment, 11-cm diameter cylindrical
samples with heights of either 22 cm or 5 cm were elaborated. Before their immersion in the
Rance river of Dinard (France), the samples were placed in cages (iron grids). The immersion
was carried out during 3 months to study marine organisms colonisation on the samples. After
this period, mechanical and durability tests were carried out.
2.2.1

Compression test

The compression tests were carried out on the 11 cm × 22 cm cylindrical samples using a 3R
press (4000 kN) after 90 days of curing (reference concrete) and after 90 days immersed in
natural seawater. The test was operated in accordance within the NF EN 12390-3 standard.
2.2.2

Chloride ion diffusion tests

Ion chromatography was used to measure chloride ions concentrations for a total depth of 1 cm
into the samples (using a 2 mm step). The powder produced by drilling was collected, filtered
and diluted to 1/25th before being analyzed by a 883 Basic IC Ion Chromatograph using standard
preparation procedures. The obtained leachate is also used to measure the pH of the material.
This test was carried out on the samples immersed natural seawater and in artificial seawater.
2.2.3

Porosity accessible to water

Porosity is an important factor that influences the material's durability. This test was carried out
on the immersed samples (natural seawater) and after 90 days of curing (reference concrete),
according to the NF P18-459 standard.
The value of the porosity (p) is obtained by the equation (1):
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p=

𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑀𝑀𝑑𝑑
× 100
𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑀𝑀𝑤𝑤

(1)

Where 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠 is the saturated dry surfaces sample mass, 𝑀𝑀𝑑𝑑 the dry sample mass and 𝑀𝑀𝑤𝑤 the
mass in water.

3 Results and Discussion

In order to choose the best concrete formulation, several mechanical strength and durability
tests were carried out. The 11x22 samples were colonised by sessile fauna and some macroalgae after 3 months of immersion in natural seawater. We could count some bryozoans,
sponges, serpulid and spiral tubes of Spirorbs (Figure 2).

Figure 2. Concrete samples (11x22) after immersion for 3 months in natural seawater.

3.1 Compression Test
Mechanical strength results (Figure 3) show that, without shell incorporation, the compressive
strength obtained after 90 days of curing is significantly higher for the CEMV type concrete
(70.53 MPa) compared to CEMII (46.3 MPa) (Figure 3, A). A decrease in compressive
strengths is noticed when adding shell aggregates, with values decreasing to 49 MPa and
32 MPa respectively. The compressive strength increases for all concretes except for CEMV
without shells after 3 months of immersion in natural seawater compared to the reference
concrete. This increase is larger for concretes containing shell aggregates, with approximately
35% larger strengths for CEMII with shells and 24% without (Figure 3, B). Interestingly, in
CEMV concretes this latter tendancy is even increased, immersion in seawater inducing a
decrease of compressive strength after 3 months without shell incorporations, while addition of
shells increases the compressive response inside seawater. CEMV even exhibits the same
compressive strength after 3 months of immersion with or without shells.
Rica et al., 2016 also studied the effect of colonisation on the mechanical strengths of several
cementitious materials with and without shells at different timescales in situ. It was found that
self-placing concrete with 40% of shells showed an increase in resistance (+8%) after an
immersion of 22 weeks in seawater compared to 28 days of curing in the laboratory.
Shells are natural biominerals that do not modify intrinsically after immersion in seawater,
even for long times after death. Consequently, if shell-cement interfaces are enough bounding
them together, the resulting mechanical strength variations of the concrete over time are
assumed to depend more on the cement behaviour. In our experiments bonding properties are
not probed, but even after 90 days of curing, the cementing part of the concretes are not fully
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matured and are potentially subjected to suffer some alteration in the aggressive seawater
medium. This is at least the case for CEMV which exhibits a clear decrease in compressive
strength after 3 months of immersion, and contraily to CEMII. But in shell-containing concretes
compressive strength increase is observed for the two types of concretes. The effect of shell
incorporation cannot be a simple steric effect with less deterioration thanks to shell additions,
since this would only reduce the compressive strength decrease of CEMV comparing with and
without shell.
We are then concluding that another effect occurs, beneficial to and not only buffering
strength decrease. The mechanism for such an effect is not monitored by our experiments, and
further investigations are needed to explain our results. A modification of the concrete
microstructure due to calcium carbonates and organic species contained in the shells could be
at the origin of the observed behaviour.
A)

B)

Figure 3. (A): Compressive strength of the different concrete formulations after 90 days of curing and after 90
days in natural seawater; (B) : Difference between the resistance of concretes immersed in seawater for 90 days
vs. cured at 100% RH (90 days).

3.2 Chloride Ion Diffusion Tests
The durability of concrete mix designs against chloride ions diffusion were then studied after
immersion in two different environments: artificial and natural seawaters. The evolution of the
chloride ions content (as a function of depth and environment) is represented in Figure 4. We
can also notice that after 3 months of immersion in natural seawater, we obtain higher chloride
ions content between 0 and 6 mm for the concrete mix designs manufactured without shells
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compared to those immersed in artificial seawater (Figure 4 A and C). This result can be
explained by the fact that the bio-colonisation of samples facilitates the penetration of Cl- ions.
In artificial seawater (ASW, Figure 4, solid lines), the presence of shells in the concrete
(Figure 4B and D) tends to enhance chloride content by a factor of nearly 2 in the first
millimeters compared to concretes without shells (Figure 4A and C). This tendancy is not
observed for immersions in natural seawaters (NSW, dotted lines). The reason for such a
behaviour could be seen in partial dissolution of shell pieces, which is more pronounced in
artificial seawaters. Part of the molecules and macromolecules contained in shells are Water
Soluble (WSM), and present in NSW but not in ASW. Consequently, immersing shells in ASW
gives rise to larger chemical potentials than in NSW, tending to operate more dissolution and
element infiltrations, the process being or not mediated by chloride ions.
The total chloride content in our concretes varies according to the cement type. In the first
six millimetres, whatever the used conditions (with and without shells, seawater) the concretes
made with CEMII are more sustainable from the point of view of chlorine penetration than
those elaborated with CEMV. For CEMII, chloride content does not exceed 1500 ppm in the
first millimetres (Figures 4A and B), while in CEMV (Figure 4C and D) this concentration is
at least twice this amount (up to 3700 ppm).

CEMII +0%S

CEMV +0%S

A)

C)

CEMII +20%S

CEMV +20%S

B)

D)

Figure 4. Chloride ions content after an immersion of 1 month in Artificial SeaWater (ASW) (solid line) and
after 3 months in Natural SeaWater (NSW) (dotted line) for two different concrete composition CEMII and
CEMV without Shells (S) (Respectively A et C) and CEMII and CEMV with Shells (Respectively B et D).
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3.3 Porosity Accessible to Water
Measurements of porosity accessible to water (Figure 5) indicate that, except for a slight
increase in porosity of around 0.1-0.2%, the two concrete formulations made with CEMII
remain stable after immersion for 3 months in natural seawater. This is not the case for CEMV
concretes for which we observe a decrease of porosity up to 4% after 3 months. The shellcontaining CEMV concrete however exhibit less porosity decrease compared to such a concrete
without shells. Such porosity decrease contributes undoubtfully to the compressive strength
increase of the CEMV sample with shells.

Figure 5. Porosity accessible to water after 90 days of curing and immersed after 90 days in NSW.

4 Conclusion
Our results indicate that the CEMII concrete formulations are the more resilient to chloride
penetration in artificial and natural seawaters than CEMV concretes. The incorporation of shell
aggregates does not significantly modify chloride penetration in natural seawater but increases
it in artificial seawater. Porosities significantly decrease in CEMV concretes after 3 months of
immersion, which partly explains the compressive strength increase of this material, while only
slight porosity variations are observed in CEMII with aging in seawater. Calcium carbonates
partial dissolution is more pronounced in artificial sea water, and combined with an increased
chloride ion penetration inside the first millimeters of the materials. Longer term tests of
durability are on-going (6 and 12 months), together with monitoring of colonisation by studying
photosynthetic parameters.
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Abstract. It is beneficial to understand damage conditions of RC structural members by non-destructive
methods. In this study, K-means clustering method was applied to the AE wave data in order to develop
a damage detection method. From the result of this study, the damaged area had the relatively large
number of AE hits and AE energy. In addition, from the result of the K-means clustering of the power
spectral density of AE waves, the data could be separated into the obviously damaged area and other
areas.
Keywords: AE, Non-Destructive Method, Machine Learning, Damage Detection, RC Slab.

1 Introduction
It is beneficial to understand damage conditions of RC structural members by non-destructive
methods for long term use of RC structures. Capturing AE signals is one of the effective
methods to detect the damaged position and area in the structural member.
In the previous research, Nishida et al. (2019) developed an aggregation detector. The
detector is equipped AE sensors to capture AE waves generated by the internal damage of the
RC bridge deck. Nishida et al. focused on the AE energy in order to detect the damaged area
and they proposed the method to decide the threshold value of AE energy to judge the damaged
area.
In this study, authors applied a clustering method to the AE wave data that was obtained in
previous research. The aim of this study is to develop a damage detecting method for RC slabs
with machine learning.

2 Analysis of AE Waves
2.1 The Outline of Analysis of AE Waves
In this study, the AE wave data obtained in the previous research (Nishida et al., 2019) was
analyzed. In the previous research, Nishida et al. focused on the total AE energy and did not
focus on the number of AE hits. In general, the number of AE hits in damaged area is larger
than that in sound area because the damaged area has a lot of AE source. Therefore, authors
focused on not only the AE energy but also the number of AE hits. The AE wave data was
separated into a group by 1.0 m for each measurement line, and then, the number of AE hits
was counted in each group, and the average of AE energies was calculated in each group.
Authors also focused on the frequency domain of AE waves. The power spectral density
(PSD) of each AE wave was calculated and averaged in each group. In this study, the averaged
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PSDs were regarded as the representative values of each group and selected as the input data
for the clustering method.
The K-means clustering method (MacQueen, 1967; Arthur and Vassilvitskii, 2007) was
applied in this study. This method is a non-hierarchical clustering method and an unsupervised
machine learning method. This method is used to divide automatically a data into k groups. The
objective function of the K-means clustering that should be minimized is;
J =

𝑁

𝐾

∑ ∑

𝑖 =1𝑘=1

𝑤𝑖𝑘 ‖𝑥𝑖 − 𝑐𝑘 ‖2

(1)

where N is the number of a data set, K is the number of the cluster, xi is the i-th data in a data
set, ck is the centroid of the k-th cluster, wik = 1 if the data xi belongs to cluster k, otherwise wik
= 0 and ‖𝑣‖2 is the Euclidean norm of a vector v.
The algorithm of the K-means is shown as follows.
1. Choose k initial centroids C = {c1, ..., ck}.
2. For each i ∈ {1, ..., k}, set the cluster Ci to be the set of points in X that are closer to ci
than they are to cj for all i  j.
3. For each i ∈ {1, ..., k}, set ci to be the center of mass of all points in Ci.
4. Repeat Steps 2 and 3 until C no longer changes.
In this study, the number of the cluster k was changed to be from 2 to 5 due to find the
optimal k for the clustering of the data.
The calculation of the K-means clustering and the power spectral density was conducted
with Python, and the Scikit-learn (Pedregosa et al., 2011) was used for the K-means clustering
and the SciPy (Virtanen et al., 2019) was used to calculate the power spectral density of the AE
wave data.

3 Results and Discussions
Figure 1 shows the damaged area that was the result of the visual and the hammering inspection
in the previous research. The red colored area is the damaged area where the crack or the
delamination were observed.
3.1 The Number of AE Hits and the Average of AE Energies
Figure 2 and Figure 3 show contour maps of the number of AE hits and the average of AE
energies in each group respectively. In Figure 2, the number of AE hits may have a close relation
with the damaged area as shown in Figure 1, and the average of AE energies also have a relation
with the damaged area.
In general, the defect such as the crack and the delamination become the source of AE signal.
Therefore, the area where the number of AE hits is larger than the other areas has potential to
be the damaged area.
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Damaged area

Sound area

Line

Number of AE hits

Figure 1. The result of the visual and the hammering inspection.

Line

Averaged AE energy

Figure 2. The number of AE hits in whole groups.

Figure 3. The average of AE energies in whole groups.
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3.2 Clustering the PSD Data

Averaged AE energy

Power Spectral Density

Figure 4 (a) shows the PSD of the centroid of each cluster when the number of clusters was 2.
The peak frequency and value of each PSD were different. Figure 4 (b) shows the scatter plot
of each group. The number located beside each plot is the line number. In this figure, the all
data belong to the cluster 2 was in the line 6 where a lot of defects were observed. From this
result, the data was separated into the obviously damaged group and the other group, and the
peak frequency of the PSD in the damaged area became lower than that in the other area.
Figure 5 (a) shows the PSD of the centroid of each cluster when the number of clusters was
3, and Figure 5 (b) shows the scatter plot of each group. From these figures, the cluster 1 in
Figure 4 (b) was divided into two groups based on the average AE energy. In Figure 5 (a), the
peaks of frequency and the forms of the PSD was also almost the same, but the peak values of
the PSD were different in clusters 1 and 3.
Figure 6 (a) shows the PSD of the centroid of each cluster when the number of clusters was
4, and Figure 6 (b) shows the scatter plot of each group. From these figures, the cluster 1 in
Figure 4 (b) was divided into three groups based on the average AE energy. In Figure 6 (a), the
peaks of frequency and the forms of the PSD was also almost the same, but the peak values of
the PSD were different in clusters 1, 3 and 4.
Figure 7 (a) shows the PSD of the centroid of each cluster when the number of clusters was
5, and Figure 7 (b) shows the scatter plot of each group. From these figures, the cluster 1 in
Figure 4 (b) was divided into three groups and the cluster 2 in Figure 4 (b) divided into two
groups based on the average AE energy. In Figure 7 (a), clusters 2, 3 and 4 were the same as
clusters 2, 4, and 3 in Figure 6 (a) respectively. In addition, the peaks of frequency and the
forms of the PSD was also almost the same, but the peak values of the PSD were different in
clusters 1 and 5.

Frequency (kHz)

Number of AE hits

(a) PSD of each cluster centroid
(b) Scatter plot of each group
Figure 4. Clustering result of the data (k = 2).
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Frequency (kHz)

Number of AE hits

Averaged AE energy

Power Spectral Density

(a) PSD of each cluster centroid
(b) Scatter plot of each group
Figure 5. Clustering result of the data (k = 3).

Frequency (kHz)

Number of AE hits

Averaged AE energy

Power Spectral Density

(a) PSD of each cluster centroid
(b) Scatter plot of each group
Figure 6. Clustering result of the data (k = 4).

Frequency (kHz)

Number of AE hits

(a) PSD of each cluster centroid
(b) Scatter plot of each group
Figure 7. Clustering result of the data (k = 5).

To evaluate the optimal k for the clustering, silhouette analysis (Rousseeuw, 1987) was
conducted. The silhouette score of the data point i is:
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𝑠(𝑖) =

𝑎(𝑖) =

𝑏(𝑖) − 𝑎(𝑖)
𝑚𝑎𝑥{𝑎(𝑖), 𝑏(𝑖)}

1
𝑑(𝑖, 𝑗)
𝑁𝑖 − 1 𝑗∈𝐶∑
,𝑖≠ 𝑗
𝑖

1
𝑑(𝑖, 𝑗)
𝑘 ≠ 𝑖 𝑁𝑘 ∑
𝑗∈𝐶

𝑏(𝑖) = min

𝑘

(2)
(3)

(4)

where Ni is the number of data points in the cluster Ci, Ci is the cluster to whom the data
point i belongs and d(i, j) is the distance between data points i and j.
The range of the silhouette score is from -1 to +1, and a high value means that the data point is
well matched to its cluster. From the plotting of the silhouette scores, the optimal number of
the clusters can be determined graphically.
Figure 8 show the plotting of the silhouette score of each data. The black dotted line means
the average of the whole silhouette score, and the thickness of the silhouette score of each
cluster means the number of the data. In Figure 8 (a), the number of the data that belong to
cluster 1 was larger than that to cluster 2, therefore, k = 2 may not be the optimal value for the
clustering of the data. In Figures 8 (b) and 8 (d), some silhouette score was negative, therefore,
k = 3 and 5 may not be also the optimal value for the clustering of the data. In Figure 8 (c), the
thickness of the silhouette score of the cluster 1 was slightly thicker than those of other clusters,
however, there was no negative silhouette score and many of silhouette scores exceeded the
average silhouette score. Thus, k = 4 may be the optimal value for the clustering of the data.
The optimal k might be determined by the silhouette score, however, it is necessary to
evaluate the accuracy of the clustered groups with the actual damage condition of the target
structure. This is the future work for our study.

4 Conclusions
Following conclusions were derived from this study.
- The area where the number of AE hits and the average of AE energies were relatively
lager than other areas might be the damaged area.
- From the result of the K-means clustering, the data was separated into the obviously
damaged area and other areas. In addition, the characteristic of the power spectral
density of the centroid of the damaged cluster was different from those of other clusters.
- As the increase of the number of centroids k, the data was separated into some groups
based on the average of the AE energies.
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(a) k = 2

(c) k = 4

(b) k = 3

Figure 8. Silhouette score plots.

(d) k = 5
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Abstract. Due to the inevitable degradation of material properties in structures in daily use, such as
stiffness degradation due to cracking in concrete elements, their durability will definitely be influenced,
and their serviceability and safety could be in danger. Thus, understanding and identifying the change
in the structural parameters provides new approaches to evaluate their durability. Structural system
identification by dynamic observability method, which is using subsets of masses, natural frequencies
and modal shapes, is a powerful tool to detect the change of structural parameters. Taking into
account the presence of noise in the measurement data in real world structures, this method
establishes the relative dynamic equation with the error separation items. The equation is solved by
error minimization of an objective function combining the measured frequencies and mode shapes
through the parameter MAC (Modal Assurance Criterion). Additionally, the algorithms and the steps
are introduced based on the dynamic eigenvalue equation, which can fully demonstrate the
performance of observability techniques. The present paper provides an example on how to
successfully identify structural parameters. Its suitability for practical applications is demonstrated in
a large frame structure. The result is a much more accurate identification of the parameters involved
in the durability of the structure even in the case of noise-corrupted measurement signals
Keywords: Durability, Structural System Identification, Dynamic Observability Method, Frequencies，
Mode Shapes.

1 Introduction
Existing structures are inevitably exposed to the natural environment (wind, earthquake,
temperature difference, or even some extreme climate) and human operationt (traffic, impact,
daily degradation by use). Thus, the material properties are degraded such as the bending
stiffness, axial stiffness, and mass. In this case, the durability of the structures may be
influenced, leading them structures into a dangerous condition instead of the originally safe
state.
Regarding the durability of structures, understanding and identifying the change in the
structural parameters is a great way to estimate the structure condition and safety. Structural
system identification (SSI) has become a powerful tool to help engineer decision making
during the life cycle of civil and infrastructures systems. SSI can be classified as the static and
dynamic analysis, as well as deterministic and probabilistic methods. The former research
classification depends on the type of excitation and the latter is related to the uncertainty of
the parameters involved.
It is worth mentioning that the development of Observability method (OM) makes relevant
contributions to deal with the remaining problem of SSI, and has been used in several
engineering fields, such as hydraulics, electrical and power networks, or transportation. The
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SSI by OM under static conditions was proposed to identify 2-D beam element models in its
plane, dealing with the partial observability problem and achieving an accurate assessment.
While it is much easier to dynamically excite a large structure than statically, especially in
large scale structures, the dynamic data are more difficult to deal with than the static one. As a
result, the standard observability method used with dynamic data has shown deficient in
identifying degradation processes endangering durability.
Thus, this paper proposes a new constrained dynamic observability SSI methodology,
which allows the identification of a subset of characteristics of a structure, related to its
durability parameters such as stiffness and mass. Subsets of natural frequencies and modal
shapes are used. Firstly, the description of dynamic constrained OM method is demonstrated
step by step. Secondly, the verification of this method is revealed by one example considering
the measurement noise. Lastly, the potential of dynamic constrained OM when applied to
large structures is shown.

2 Methodology
The dynamic equation of motion of a system with no damping and no external applied forces
is shown in equation (1), expressing what is the eigenvalue or characteristic value problem.
The equation can be expressed for a two-dimensional structure with
nodes,
boundary conditions and vibration modes as:
, -,(

) (

)- *

+,(

(

)

* +,(
)

-

) (

)- *

+,(
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--

( )

Where and are the eigenvalues and mode shapes of th mode, and the , - and , includes the displacement in the x-direction
represent the stiffness matrix and mass matrix.
( ), y-direction ( ) and rotation ( ) at each node for each vibration mode i.
The arrangement of equation (1) is done in a similar way to the static observability method,
all the unknowns of the system are set up to one column vector and the known variables are
joined into a vector * +. In this way, the previous equation might be written as:
, -* +
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Where represents all the unknowns,
and are the corresponding coefficient matrix
and augmented matrix of th mode.
Equation (2) is the description in th mode. When multiple modes are considered together,
the equation will be built by combining information of several modes. For example, the first
modal information is given by , -* + * + shown as follows:
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Expression in which , - is a matrix of constant coefficients, * + is a fully known vector
and * + contains the full set of unknown variables. This system contains coupled and single
variables. Thus, the identified coupled variables (e.g.,
that exist in Eq.(2)) are referred
=
, the
as observed variables. In other to uncouple the observed variables, e.g.,
dynamic COM (constrained observability method) is here proposed based on a similar
procedure as in the static case. However, in this case, the objective function is defined as:
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The modal assurance criterion (MAC) is used in Eq. (4), which consists of computing the
so-called MAC values as a measure for the correspondence between the calculated mode
, obtained from the inverse analysis using the estimated stiffnesses and areas, and
shape
the measured shape ̅̅̅̅̅ as shown in Equation (5). Besides,
are the differences between
the measured and estimated frequencies.
MAC (

̅̅̅̅̅) =

(

[

̅̅̅̅̅̅]

)(̅̅̅̅̅̅ ̅̅̅̅̅̅)

(5)

Figure 1. Flow-chart of algorithm of dynamic observability method.
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The solution is obtained by minimizing equation (4) with the imposed constraints of the
,
,
present in equation (3)，
form:
which is the so-called Constrained Observability Method .
The specific steps about the method are shown in Figure.1, which is developed on the base
of the static COM method.

3 Example Analysis
3.1 Reinforced Concrete Beam
The dynamic constrained observability method is verified in a reinforced concrete beam. This
beam is shown in Figure 2, with a length of 6m and equally divided into 30 elements, 10 parts,
whose divisions can be seen minutely in Figure 2. The free vibration test of the beam was
conducted by Ellen Simon, with the aim of obtaining its dynamic information, frequencies
and mode shapes. The structure stiffnesses are estimated in the following way:
,
- by using the experimental data after some controlled damage was produced in the
beam.

Figure 2. Set-up of static loading.

There is one way in using the estimated stiffnesses of
as the input to do the direct
analysis of the first four frequencies and mode shapes since the real experimental data is
difficult to get from paper. Therefore, 100 samples of frequencies are generated for this set
with an error of 2% while 100 samples of mode-shapes are obtained with an error of 10%,
because frequency accuracy obtained from dynamic tests is normally higher than for mode.
One sample for a given measurement set is the collection of the associated measurements
generated by Eq. (6).
̃

(

) ( ̃ yielded in the same way)

(6)

Here, the measurements ̃ are simulated by adding proportional errors to the theoretical
values, are obtained by direct analysis.
is the error level in the measurement and is
a random number following a normal distribution with mean zero and standard deviation
0.51 to guarantee the 95% confidence interval. The samples of ̃ are yielded in the same way.
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Figure 3. Mean and standard deviation of stiffness.

Figure 3 shows the estimated mean values of the 100 samples and their standard deviation
for the estimated stiffness along the beam. It is shown how the errors in the mean values are
less than 2% and the biggest standard deviations less than 1.5%, which is a reasonable range
for parameter evaluation. However, it can be obviously observed that the standard deviations
of
and
are higher than other parameters, which may be due to the error accumulation
from middle to the ends of the beam in the computational solution. Also the area of
and
provides little information to the solution algorithm because of their free ends. This case
can effectively explain the operability of the dynamic observability method to obtain the
actual condition of the structure or its elements in relation to their durability.
3.2 Example of 13-Story Building

In order to show the possible applications and potential of the proposed methodology, a more
complex example is presented in this section. The 13-story building shown in Figure 4 is
taken under study. This structure was considered in Reference [16].
This frame is modeled using a total of 226 nodes and 273 elements and it is composed of a
set of 8 different sections described in Figure 4, and the parameters are the same as in [16].
Therefore, the size of the system of equations is
. The study will be performed for
the first two vibration modes, which can provide relevant modal information. This structure is
analyzed from a local perspective, using the constrained dynamic observability technique to
only a part of the unknowns as shown in figure 4.
In fact, there are occasions in which there is interest of obtaining only the properties of one
or a few members of the structure to check, for example, if it is locally damaged. This leads to
a more economically efficient application of the technique. The normal procedure is to
measure some of the displacements around this element or elements in order to activate its
matrix components.
and
of the
For this example, an assumption is made that the bending stiffnesses
structure are unknown and that the mechanical properties of the floor slab of the 12th floor are
different from the theoretical one, because this part of the structure is damaged. Its modal
frequency (only the first frequency is required) and mass are assumed to be known. Therefore,
the properties to be observed are the bending stiffnesses of the elements between nodes 27
and 41.
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a)
b)
Figure 4. a) Members with different characteristics are represented with different colors.
b) Sets of measurements used in the local analysis.

Normalized Parameters

Two sets of measurements are proposed. The first one includes the vertical displacements
in three nodes and the horizontal displacement in one node，which can be seen in the A detail
in Figure 4(b) (4 measurements+ 1 frequency). The second one includes rotations in three
nodes and horizontal displacements in one node, as shown in the B detail in Figure 4(b) (4
measurements+ 1 frequency).
After performing the analysis, the stiffnesses
and
can be identified by Constrained
Observability assuming 2% and 5% errors in the frequencies and mode shapes respectively.
The 100 samples are gained by Eq. (6). The estimated mean values and standard deviations of
the 100 samples under the two measurement sets are illustrated in figure 5.
Set A
Set B

1.2
1.0
0.8
0.6
0.4
0.2
0.0

EI1

EI2

Figure 5. Mean and standard deviation of stiffness

and

.

From figure 5, the maximum standard deviations are 2.0% and 1.7% for set A and set B
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respectively, and the mean of
and
under both sets are very close to the true value,
with a 2.3% error. No matter the set of A or B, the estimated value of
is a bit better than
for
because of the slightly smaller standard deviations, which may be due to the stronger
boundary conditions of node 41 than node 27. It has to be emphasized that these bending
stiffnesses can be observed without knowing the surrounding ones, which shows the potential
of the method when applied to large structures where only a small number of measurements
can be obtained. The potential application of constrained dynamic observability method to
large scale structures is then fully illustrated.

4 Conclusions
The main objective of this paper is the application of constrained observability techniques for
parametric estimation of structures using dynamic information such as frequencies and modeshapes. The final objective is to show the applicability of the method in efficiently identify the
possible damages existing in the structure that may affect its durability (mainly cracking
affecting the bending stiffness). A new algorithm is introduced based on the dynamic
eigenvalue equation. The merit of the dynamic constrained observability analysis is
demonstrated in the analysis of a RC beam and a large frame structure.
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Abstract. Rainwater and moisture control are key factors for maintaining the durability of wooden
houses. Wall assemblies with sidings are installed on vented cavities to build durable wooden houses.
Moisture condensation does not occur generally behind a vapor retarder in walls assembled with a
vented cavity; however, it is reported that the condensation mechanism which occurs in the wall
assembly due to the high humidity of the vented cavity by rain penetration in Japan, there are only a
few studies that investigate hygrothermal behaviour considering effects such as rain penetration in the
exterior system. To unravel the mechanism of internal condensation derived from rain penetration, labexperiments and field measurements were conducted. In the lab experiments, rain penetration from
siding joints were quantitated using a water spray test. In the field measurements, for the exterior
finishes of the experimental house, the sidings were installed on three types of vented cavities. To verify
hygrothermal behavior within the wall assembly, intermittent long-term rain penetration into the vented
cavity was reproduced for the experimental house. The measurements confirmed that internal
condensation occurs with low ventilation performance, when moisture retained in the vented cavity is
released into the wall assembly. This phenomenon is caused when the surface temperature on the sidings
is increased because of solar radiation after rain. In conclusion, rain penetration through exterior
finishes has a significant effect on the moisture behavior of wall assemblies. The obtained results verify
that moisture condensation at the vapor retarder was caused by several factors including rain
penetration, insufficient ventilation, and solar radiation. To maintain durability, it is important to ensure
a ventilation performance and not retain moisture.
Keywords: Concealed Condensation, Vented Cavity, Rain Penetration, Absorption and Desorption,
Field Survey, Siding.

1 Introduction
Rainwater and moisture control are key factors for maintaining the durability of wooden houses.
Wall assemblies with claddings are installed on vented cavities to build durable wooden houses
(Figure. 1). In Japan, a fiber reinforced cement siding (hereinafter, called siding) is provided as
an exterior system for outer walls in several houses. In this system, a vented cavity is provided
between the siding of the primary waterproof layer and a water resistive barrier sheet of the
secondary waterproof layer; the rainwater from the siding joints and the moisture from inside
the house are discharged quickly (Figure. 2).
Recent years have seen an increase in houses designed with low eaves that experience rain
penetration through the sidings under heavy rain; thus, the risk of rain penetration is increasing.
It is difficult to completely prevent rain penetration into a vented cavity (Sahal, Lacasse and
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Kimura). Technical note of National Institute for Land and Infrastructure Management of Japan
has reported moisture condensation and structural decay of the wall assembly caused by rain
penetration and insufficient ventilation. It is suggested that the condensation mechanism which
occurs in the wall assembly due to the high humidity of the vented cavity by rain penetration
(Umeno, 2011). Rain penetration have been considered evaluation methods such as ASHRAE
Standard 160 in North America. However, there are only a few studies that investigate
hygrothermal behavior considering effects such as rain penetration in the exterior system in
Japan.
To maintain durability of wooden houses with the exterior system, this study confirmed the
quantity of rain penetration from the siding joints using a water spray test, measured the
temperature, humidity, and moisture content within the wall assembly during intermittent rain
penetration into the vented cavity in the field survey. These results were used to clarify the
mechanism of moisture accumulation in the wall assembly. Furthermore, the vented cavities of
different cases were compared, the verification data on the ventilation performance of each case
were verified. The impact of rain penetration on the exterior system of the hygrothermal
behavior within wall assemblies was discussed.
Air outlet

Siding
Heat insulator

Vented cavity
Moisture permeability
Waterproof sheet
Sill flashig

Figure 1. Four Line of Defense (Moisture Design for
Wood-Frame Buildings, Canada ).

Damp proof sheet
Interio material

Air intake

Figure 2. Siding standard installation method.

2 Quantification of Rain Penetration from the Siding Joints Using a Water
Spray Test
To measure the quantity of rain penetration from the siding joints of an exterior system, the
water spray test (JIS A 1517: Water tightness test under dynamic pressure) was performed.
As for the water penetration through the siding joint under strong wind, it is generally
assumed that the rainwater flows over the shiplap joint and penetrates the vented cavity (Fig.
3(1)). When the wind is weak, the rainwater flows across the surface of the shiplap and
penetrates into the vented cavity through the sealing area between the horizontal joints of
sidings (Fig. 3(2)). The horizontal joint of the siding was placed at the center of the test
specimen, and the quantity of rain penetration was measured with a plastic container. Figure 4
shows an outline of the experimental apparatus.
2.1 Experimental Conditions
General water spray tests are conducted under the conditions of high pressure difference (150–
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350 Pa) and high water volume (4 l/min・m2). However, frequency of these conditons are rare
in real crimate data. To understand the quantity of rain penetration under the condition that may
frequency occur in rainy day, this test was conducted at low pressure (0–250 Pa) and low water
volume (0.2–0.8 l/min・m2). The duration of the water spray test was 11 min; the pressure
condition was not a pulsating pressure but a constant pressure.
To confirm the difference caused by the siding application method, test specimens were
assembled using two application methods for a typical shiplap joint. Case A has a two-way
shiplap with the top and the bottom; the left and right sides are joint using a sealant. Case B has
a four-way shiplap with the top, bottom, left, and right. Figures 5 and 6 show the outline of
specimen. In addition, the quantity of penetrated water and the water penetration rate in the
water spray test were obtained from the following equation:
𝐽𝐽𝑝𝑝 =
𝑓𝑓 =

𝑚𝑚𝑤𝑤
𝑡𝑡

(1)

𝐽𝐽𝑝𝑝
× 100
𝑅𝑅𝑤𝑤

(2)

where Jp is the quantity of penetration water (g/s), mw is the measured total quantity of
penetration water (g), t is the duration of the water spray test (s), f is the water penetration
rate (%), and Rw is the quantity of water spray (g/s).
Siding

Joiner
(1)

Siding

Spray
nozzle

Sealant
gasket

(2)

Plastic
container

Airtight
box

Sealant

Plastic
container

Figure 3. Water leakage path at two-way shiplap
joint and Detail at the bottom of specimen.
2000mm

2000mm

Top shiplap

Sealant
(On horizontal
joint)

Figure 4. Apparatus for water spray test.

Top shiplap
Cross joint
on exterior
surface

Flat vertical edges
Figure 5. Siding shape of Two-way shiplap and
Test specimen of Case A.

Cross joint
on exterior
surface

Right shiplap
Figure 6. Siding shape of Four-way shiplap and
Test specimen of Case B.
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2.2 Relation Between Water Penetration Rate and Pressure Difference
Table 1 and Figure 7 show the experimental results. There are differences in the water
penetration rate with the siding application.
For case A, under the conditions that rain penetration water was observed with a pressure
difference of less than 150 Pa, the water that ran across the surface of the shiplap—the path
shown in Fig. 3(2)—was transmitted to the sealant part of the horizontal joint, and it flowed
down to the vented cavity. This water was accumulated in the plastic container at the bottom.
When the pressure difference was 250 Pa, the water flowed over the sealant gasket of the shiplap
joint shown in Fig. 3(1) and then flowed down the back of the siding. As a result, the water
penetration rate increased significantly. For Case B, continuous flow occurred even in a
pressure-equalized condition because there were pinholes at the cross joint on the exterior
surface (Fig. 8). Thus, considerable penetration water that the water penetration rate was 5–
11% was measured when the pressure difference was 0 Pa.
Owing to the difference in the siding application method, it is conceivable that there is no
waterproofing performance criterion for driving rain. Furthermore, there is a possibility that the
quantity of penetration water may increase because of the deterioration of sealants and the
opening of the siding joint, which was caused by hardening shrinkage.
In consideration the above results, it is necessary for maintaining durability to consider the
assumption that rainwater enters the vented cavity.
Table 1. Quantity of penetration water and water penetration rate.
Quantity of water spray
(L/min・㎡)

0.2

0.5

0.8
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Pressure
difference
(Pa)
0
15
100
150
250
0
15
100
150
250
0
15
100
150
250

mw (g)
0
0
0
0
2245
0
0
26
29
4805
7
12
27
46
4859

Case A
Jp (g/s)
0.00
0.00
0.00
0.00
3.40
0.00
0.00
0.04
0.04
7.28
0.01
0.02
0.04
0.07
7.36

f (%)

mw (g)

Case B
Jp (g/s)

f (%)

0.00
0.00
0.00
0.00
32.22
0.00
0.00
0.15
0.20
27.67
0.02
0.04
0.09
0.20
16.83

788
812
1177
1497
2068
1200
1408
1941
2472
3368
1385
1594
2197
3082
4329

1.19
1.23
1.78
2.27
3.13
1.82
2.13
2.94
3.74
5.10
2.10
2.42
3.33
4.67
6.56

11.31
11.65
16.90
21.49
29.69
6.91
8.11
11.18
14.23
19.39
4.80
5.52
7.61
10.67
14.99
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Vertical joint
: flow-down

Water penetration rate(%)

40
0.2 ℓ/min･m2
0.5 ℓ/min･m2
0.8 ℓ/min･m2
0.2 ℓ/min･m2
0.5 ℓ/min･m2
0.8 ℓ/min･m2

30

20

CaseA
CaseB

Horizontal joint
: horizontal flow

10

0

(Pa)
0

50

100

150

200

250

Figure 7. Relation between water penetration rate and pressure
difference.

Figure 8. Leakage path
(four-way shiplap joints ).

3 Field Survey of Hygrothermal Behavior within Wall Assembly Derived
from Rain Penetration
From the results in the previous section, it was suggested that wall assembly with a vented
cavity using the siding has a risk of rain penetration from the shiplap joint. In this section, to
unravel the mechanism behind internal condensation caused by moisture from the rainwater, an
experimental house that reproduces intermittent long-term rain penetration into the vented
cavity was constructed, and the hygrothermal behavior within the wall assembly was measured.
3.1 Outline of the Experimental House
The experimental house with a wood panel construction was constructed on the grounds of
Ashikaga University in Tochigi (about 80km north of Tokyo). Three types of cavity
configurations were installed in experimental house to compare the ventilation performance,
Figure 10 shows the configuration of cavity. Case (1) is a horizontal furring strip (cavity depth:
12 mm), case (2) is a panel clip (cavity depth: 6 mm), and case (3) is a panel clip (cavity depth:
15 mm), horizontal furring strips is insufficient ventilation, while panel clips secure a
ventilation path. The cavities are at 910 mm intervals.
The bottom of the vented cavity is open with a sill flashing. The upper end of the vented
cavity is open to the outside by ridge ventilation through the attic space (Fig. 2).
For the quantity of rain penetration into the vented cavity, the rainwater collected with a
pouring funnel attached to the eaves was injected directly into the vented cavity from the center
of the wall surface using a tube. The diameters of the funnel were selected to reproduce the
intermittent long-term rain penetration in proportion to the precipitation. For Case (1), 80mm
funnel size was installed in three places, and water injection was divided into three parts: upper,
middle, and lower areas of the horizontal furring strips. For Case (2) and (3), three times size
of the funnel was installed respectively.
3.2 Measurement Item
Figures 9 and 10 show the measurement items and measurement positions in the wall. The
temperature, humidity, and moisture content were set near the center height of the first floor
(FL + 1300 mm). The temperature and humidity were measured outside the insulation and
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inside the insulation; the moisture content was measured for the outer plywood facing the
vented cavity. The measurement interval was 60 min, and the measurement period started from
September 2018. Air conditioning in the room was not used.
Outdoor

Indoor

仕様
下地
通気層厚さ

①
横胴縁

１２ ｍｍ
Case(1)

②
金具

６ ｍｍ
Case(2)

③
金具

１５ ｍｍ
Case(3)

×: Pouring point

Siding

Pouring
funnel
Tube

―House wrap
―5mm

Moisture
content

polystyrene
film
―Mineral wool

Plywood

―Perforated

Temperature and
humidity A
Temperature and
humidity B

―Polyethylene
film
―5mm
Plywood
―Gypsum
board
―Vinyl cloth

Figure 9. Wall configuration and sensor location.

●: Moisture content,

×

: Temperature and
humidity

●(Upper)

×

●(Middle)

×

×

Clip
↓

Clip
↓

↓furring strips

×

●(Lower)
→ ←30mm

Starter bar
↓

Figure 10. Configuration of cavity.

3.3 Results and Discussion
3.3.1

Increase in humidity and plywood moisture content due to rainfall in autumn

As an example of the measurement results in autumn, Fig. 11 shows the relative humidity
between the insulation and vapor barrier. The outdoor temperature and precipitation are based
on the weather data of the neighboring City. The relative humidity in the wall assembly
increased after the rainy day, and moisture derived from rain penetration gradually accumulated
in the wall due to repeating rainy and sunny days. Intermittent moisture condensation observed
in some cases in early October.
The moisture in the wall assembly gradually decreased with reducing the quantity of
precipitation since October 8. From this result, it can be indicated that rain penetration has a
considerable impact on moisture accumulation in the wall assembly.
3.3.2 Process of hygrothermal behavior within wall assembly and the impact of
ventilation performance.
Figures 12 and 13 show daily variations of relative humidity on the east side of wall on October
7, at location A (between outside plywood and perforated polystyrene film) and location B
(between insulation and vapor barrier) were shown in Figure 9. Moisture condensation
continues more than 9 hours at the location B with case (1) and (2), while it occurs less than 1
hour at the location A. In addition, relative humidity at location B increases with rising outdoor
temperature.
From this result, it can be confirmed that moisture from rain penetration is accumulated on
the indoor side. This phenomenon is thought to be the result that moisture retained in the sidings
and the vented cavity was released by solar radiation; moisture that could not be discharged
from the vented cavity moved to the wall assembly of the indoor side at a low temperature.
Thus, temperature fluctuations due to solar radiation have a significant effect on hygrothermal
behavior within a wall assembly. Temperature fluctuations release moisture retained in the
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building materials, which forms water vapor and move through wall assembly and materials.
Consequently, the moisture condenses on the indoor side of the low-temperature part.
Compare the ventilation performance with different cavity configurations. The rain
penetration water in case (1) with 12 mm of the cavity depth tends to accumulate within the
wall assembly, because it generally remains at the horizontal furring strips. Furthermore,
insufficient ventilation performance extended duration of moisture condensation to more than
12 hours at the location B. Although the remained water in the vented cavity of case (2) is less
than case (1), duration of moisture condensation reached 9 hours because of less ventilation
performance due to thin cavity depth. As for case (3) with the panel clip and 15 mm of cavity
depth, the moisture condensation did not occur because adequate ventilation and drainage
performance was secured.
From the above results, the impact of ventilation performance on hygrothermal behavior
within the wall assembly was confirmed. As in case (3), adequate ventilation performance
tends to reduce moisture accumulation in the wall assembly. To maintain durability, it is
important to ensure a ventilation performance and not retain moisture within the vented cavity.

Relative humidity(%)

50

RH:Case①
(middle)

45
40

80
35
30
60

25
20
15

40

Precipitation
20
9/20

9/25

9/30

10/5

Outdoor
temperature
10/10

RH:Case②
10/15

10

RH:Case③

10/20

10/25

5
0

10/30

Precipitation(mm/hr) 、Temperature（℃）

100

Figure 11. Relative humidity variation on the east wall location B.
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4 Conclusion
This study was demonstrated the moisture accumulation in the wall assembly caused by rain
penetration from the siding joints. In addition, the authors obtained an outline of the
hygrothermal behavior within the wall assembly based on ventilation performance in the
experimental house. The findings of the study are as follows:
・According to the quantity of rain penetration into the siding joints performing the water
spray test, it was confirmed that there were significant differences in the water penetration
rate between the application methods. For case B, continuous flow occurred even in a
pressure-equalized condition because there were pinholes at the cross joint on the exterior
surface. The rain penetration rate is 5–11% at low pressure difference (0–15 Pa) where the
frequency is high. Thus, it is necessary for maintaining durability to consider the
assumption that rainwater enters the vented cavity.
・According to the field survey of the experimental house, the relative humidity in the wall
assembly increased after the rainy day, and moisture derived from rain penetration
gradually accumulated in the wall. Intermittent moisture condensation observed in some
cases. From this result, it can be indicated that rain penetration has a considerable impact
on the moisture accumulation in the wall assembly.
・For the cases of low ventilation performance, the moisture condensation in the wall
assembly observed more than for 9 hours in daytime. The case of high ventilation
performance did not occur the moisture condensation. To maintain durability, it is
important to ensure a good ventilation performance and not retain moisture.
Further studies are needed to develop a design method that can maintain the durability of
wooden houses using the exterior system; in a future study, the authors expect to indicate the
behavior of rain penetration water in the vented cavities and the ventilation characteristics.
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Abstract. Building inspection systems are a useful tool for surveyors, standardising the collection of information. This research is framed within the development of a global inspection system based on twelve expert
inspection systems for twelve types of building elements used in the envelope of current buildings. Homogenised classification lists replace the use of several records and unify designations used in fieldwork. A homogenised global classification list of repair techniques comprises, in a single component, all the techniques
used to repair defects and eliminate their causes for different types of building elements. It includes curative
and preventive repairs, as well as planned maintenance works. Well-defined criteria guided the harmonisation process of a large set of repair techniques in a user-friendly list. For instance, the association of different
operations in a single repair technique took into account: similarities between procedures, applicability to
one type of building element, solving identical defects and the use of similar repair materials. Considering
data from the validation samples of the expert inspection systems, it is observed that techniques “R-A1 Cleaning” in painted façades and “R-A12 Application of a new (adequate) cladding/finishing coat over the existent/replacement” in wall renders are the most commonly prescribed. The provision of a homogenised classification list of repair techniques is expected to improve the quality of information collected on-site and give
a comprehensive view of the most relevant repair techniques used in the envelope of current buildings.
Keywords: Building Pathology, Degradation, Inspection Systems, Maintenance, Repair Techniques.

1 Introduction
Building inspection systems are useful for surveyors as they (i) help implementing uniform methodologies, (ii) guide the procedures through all the stages, and (iii) use standard designations. In
this way, the collection of data on-site and inspection reports become methodic, hence standardising
building inspections. This paper addresses the development of a global inspection system for the
building envelope by a research team at Instituto Superior Técnico (IST), Universidade de Lisboa
(UL), based on individual expert inspection systems (Pereira et al., 2018).
The global inspection system under development at IST-UL is directed at current buildings. It is
a broad tool including classification lists, correlation matrices, detailed information on degradation
parameters, and an inspection form. It is based on existing expert inspection systems for individual
building elements, which implies homogenising the system’s components.
The homogenisation of classification lists simplifies the inspection process, replacing several lists with harmonised lists, more manageable to use. In this way, the identification of pathological phenomena in a painted façade or flat roof requires only one list of defects, for instance.
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Additionally, standard designations may improve communication.
In this paper, the methodology of development of the harmonised list of repair techniques in the
global inspection system is described, and the proposed classification list is presented. Then, using
relative frequency results, the most common repair techniques are analysed. The paper ends summarising the research in concluding remarks.

2 Classification List of Repair Techniques
Following the structure of individual inspection systems, the global building inspection system includes a list of repair techniques. It contains techniques used to repair defects and eliminate their
causes in the group of building elements taken into account in the inspection system. The particulars
of each procedure are described in detail in files of repair techniques, out of the scope of this paper.
2.1 The Context of Developing a Global Inspection System
The development of the global building inspection system considered a well-defined range of building elements, corresponding to twelve expert inspection systems previously devised by researchers
at IST-UL (Table 1). Those expert inspection systems have an identical structure and were all validated through the inspection of significant samples of building elements, hence providing a solid
base for a new global system (Ferraz et al., 2016).
All the selected individual expert inspection systems provide a classification list of repair techniques that may be recommended by surveyors following the detection and diagnosis of defects in
visual and detailed building inspections. Those lists were based on the literature and experience,
including curative and preventive techniques and planned maintenance works (Silvestre and de
Brito, 2010). Curative repair techniques are those used to repair a defect directly, removing it. Preventive repair techniques refer to interventions on building elements that are not directly associated
with a specific defect but, instead, act to eliminate the causes of potential issues. Curative and preventive repair techniques may include partial or complete replacement and changes in the characteristics of the building element (e.g. materials and geometry). Planned maintenance works are not
intended to correct the behaviour of building elements, but to delay the natural ageing process and
the resulting loss of performance and decrease of the service life.
2.2 Harmonisation Criteria
To achieve the goal of having a single list of repair techniques applying to different building elements within the global inspection system, all the expert classification lists had to be collected.
Then, going through each list consecutively, the repair techniques referring to the same type of work
were merged. For instance, ten out of twelve expert classification lists included cleaning works.
Therefore, the global classification list comprises cleaning as one of the repair techniques. After
that step, the list of repair techniques was still too long. So, similar techniques were grouped in a
single repair technique considering equivalent scopes of intervention, identical procedures, and the
resolution of the same kind of phenomena. For instance, different intervention techniques acting on
the layers of cladding systems of flat roofs were gathered in a single and broader repair technique
referring to the application, repair or replacement of the waterproofing system or separation layer
in flat roofs (Conceição et al., 2017). Despite the attempt of decreasing the extent of the global
classification list of repair techniques, some specific techniques relating to only a type of building
element were kept separately in the list, as no basis for merging applied.
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Table 1. Expert inspection systems developed at IST-UL that were the basis of the global inspection system.
References

Building elements

Groups of repair techniques in the
classification list

Validation
sample

R-A Upper surface; R-B Inner surface; R-C Up207 surfaces
per and inner surface; R-D Change of the ECPR;
164 buildings
R-E Change of the bearing structure
(Conceição et al.,
105 surfaces
flat roofs (FL)
General; Specific
2017, 2019)
105 buildings
(Silvestre and de Brito, adhesive ceramic tiling R-A ACT surface; R-B Tile bed; R-C Joints; R-D 88 surfaces
2010, 2011)
(ACT) - walls and floorings ACT; R-E Background; R-F Envelope
46 buildings
R-P Stone cladding surface (stone slab); R-A Bed(Neto and de Brito,
natural stone claddings
128 surfaces
ding/anchoring/fixing material; R-J Joints; R-S
2011, 2012)
(NSC) - walls and floorings
59 buildings
Substrate; R-R Cladding system; R-E Envelope
R-A WF covering; R-B WF surface; R-C WF sub(Delgado et al., 2013,
98 floorings
wood floorings (WF) strate; R-D Joints between pieces of WF or with
2018)
35 buildings
protruding elements
door and window frames R-A Accessories repair; R-F Fittings repair; R-P
295 frames
(Santos et al., 2017a; b)
(DWF)
Profiles repair; R-V Glass repair
96 buildings
(Garcia and de Brito, epoxy resin industrial floor
29 floorings
R-A Current surface; R-B Flashings; R-C Joints
2008)
coatings (ERIFC)
23 buildings
(Carvalho et al., 2018, vinyl and linoleum floorings R-A Superficial zones; R-B Whole flooring; R-C 101 floorings
2019)
(VLF)
Substrate; R-D Flooring surrounding area
6 buildings
R-A Rendering surface; R-B Finishing layer; R-C 150 surfaces
(Sá et al., 2014, 2015)
wall renders (WR)
Rendering system; R-D Envelope
55 buildings
external thermal insulation
(Amaro et al., 2013,
146 façades
composite systems (ETICS) TR-A Surface; TR-B Finishing coat; TR-C System
2014)
14 buildings
- façades
R-A Adherent pellicle cleaning; R-B Total/partial 105 façades
(Pires et al., 2015a; b)
painted façades (PF)
removal of existent pellicle; R-C Repainting
41 buildings
architectural concrete R-A Concrete surface; R-B Concrete; R-C
110 surfaces
(Silva et al., 2017a; b)
surfaces (ACS) - walls Joints/discontinuities; R-D Periphery
53 buildings
(Garcez et al., 2012b; a)

external claddings of
pitched roofs (ECPR)

Average number of
prescribed repair
techniques per
detected defect
1.29
0.63
2.26
2.46
1.49
1.11
1.20
2.15
3.64
1.61
3.09
1.25

While merging and grouping repair techniques to obtain a more concise global list, balancing a
simultaneously elaborate and succinct list is paramount for its broadness and user-friendliness. For
instance, in the expert inspection system of wall renders (Sá et al., 2014), five separate repair techniques were considered to express the idea of applying a new render with higher performance,
namely: application of a reinforced rendering; execution of an external thermal insulation composite system (ETICS); execution of a reinforced render coating independent from the bearing wall;
application of a render with higher thermal performance; and application of a drainage or corrective
rendering. These five types of repair work refer to slightly different operations, but they are all based
on the same concept: the existing render is not enough to prevent the occurrence of further defects
and should be replaced or overlaid with a new one. Although separately considering each of these
techniques may be reasonable in an inspection system only for wall renders, in a global building
inspection system, it would hinder the ease of use of the classification list. For this reason, a single
repair technique for the application of a higher performance render was proposed.
Still, other repair techniques could not be linked with any others, as they were too specific. For
instance, executing a roof slab in pitched roofs is not comparable with other repairs. So, in the global
classification list, it was considered separately, although not decreasing the list’s complexity.
To guide the harmonisation of the global classification list of repair techniques, taking expert
classification lists into account, a set of criteria was determined:
1. Building a brief and concise list of repair techniques without repetitions;
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2. To decrease the extent of the list, coupling techniques in one repair technique considering:
a. The procedure of the repair technique;
b. The applicability of similar repair techniques to a single type of building element;
c. Correcting similar defects;
d. Using repair materials with similar properties;
3. Including all relevant repair techniques in the list, even though some may apply only to a
single type of building element, so that the global classification list is comprehensive;
4. Grouping repair techniques into categories according to the intervention area within the
cladding systems, namely: surface of the cladding, cladding system, change in the bearing
structure/substrate and singularities.
2.3 Proposed Classification List of Repair Techniques
Table 2 presents the proposed classification list of repair techniques within a global inspection system. It is organised in four categories, according to the harmonisation criteria. Each technique is
identified as constituting a curative (cr) or a preventive repair (pr) or planned maintenance work
(pmw). Each category is linked to a code composed of letter R (for repair), a hyphen and a sequential
capital letter (from A to D). Each repair technique also corresponds to a code, following that of its
category, by adding a sequential number (e.g. R-A1, R-B2, R-C5 and R-D11).
Technique “R-D6 Application/repair/replacement/cleaning of drainage systems/plumbing” results from grouping similar repair techniques. R-D6 is a curative and preventive repair technique
used in the drainage and plumbing equipment to eliminate or avoid clogging, accumulation of rainwater and leakages. In the expert system of flat roofs, the application, repair and replacement of the
drainage system are mentioned (Conceição et al., 2017), while the adhesive ceramic tiling expert
system refers to the repair of defects in plumbing, separating embedded and exposed plumbing
(Silvestre and de Brito, 2010). In turn, the classification list for natural stone claddings mentions
the repair of defects in existing elements inside/outside the wall (Neto and de Brito, 2011). Plumbing is also mentioned for wood floorings (Delgado et al., 2013), while, in door and window frames,
the repair or execution of drains in the frames is pointed as a repair technique (Santos et al., 2017b).
In this context, technique R-D6 is an example of how conciseness influenced the development of
the global classification list of repair techniques, as very similar techniques were harmonised in a
single and broader repair technique.
Other techniques result from a direct transfer from the expert to the global classification lists. It is
the case of “R-D9 Protecting or smoothing of protruding corners or edges”, applying to adhesive
ceramic tiling, natural stone claddings, wall renders, ETICS and architectural concrete surfaces.

3 Discussion
An analysis of the most frequently prescribed repair techniques may be performed using the data
from the validation samples of the expert inspection systems (Table 1). To build Figure 1, the absolute frequency of recommendation of each repair technique was considered (Amaro et al., 2014;
Carvalho et al., 2019; Conceição et al., 2019; Delgado et al., 2018; Garcez et al., 2012a; Garcia and
de Brito, 2008; Neto and de Brito, 2012; Pires et al., 2015b; Sá et al., 2015; Santos et al., 2017a;
Silva et al., 2017b; Silvestre and de Brito, 2010), adapting the original repair techniques to the
proposed global classification list. Then, those absolute frequencies were divided by the number of
detected defects in each validation sample.
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Table 2. Proposed classification list of repair techniques within a global inspection system.
Code Category

Code
R-A1
R-A2
R-A3
R-A4
R-A5
R-A6
R-A7
R-A8
R-A9
R-A10
R-A11
R-A12
R-A13
R-A14
R-A15
R-A16
R-A17
R-B1
R-B2
R-B3
R-B4
R-B5
R-B6
R-B7
R-B8
R-B9
R-B10
R-B11
R-B12
R-B13
R-B14
R-B15
R-B16
R-B17
R-C1
R-C2
R-C3
R-C4
R-C5
R-D1
R-D2
R-D3
R-D4
R-D5
R-D6
R-D7
R-D8
R-D9
R-D10
R-D11
R-D12

Repair technique
Cleaning (cr, pr, pmw)
Application of a protective coat (paint, varnish, water-repellent, antifungal, biocide) (cr, pr, pmw)
Corrosion removal and re-establishment of the anti-corrosion protection in metallic elements (cr)
Surface rehabilitation of the plastic external claddings of pitched roofs (cr)
Repair/execution of supplementary watertightness measures in pitched roofs (cr, pr)
Creation of pathways (pr)
Application of ventilation systems/accessories (cr, pr)
Encapsulation of asbestos-cement external claddings of pitched roofs (pr)
Surface of
R-A
Application of spray polyurethane foam (SPF) on the external surface of pitched roofs (cr, pr)
the cladding
Glazing repair in door and window frames (cr)
Replacement or reapplication of the cladding/glazing (partially or completely) (cr, pr)
Application of a new (adequate) cladding/finishing coat over the existent/replacement (cr, pr, pmw)
Application of another type of cladding (not epoxy) (cr)
Treatment of cracks or other holes in the cladding (cr)
Treatment of biodegradation in wood floorings (cr)
Complete/partial removal of the existing coat in painted façades (cr)
Correction of surface irregularities or evening an architectural concrete surface with mortar (cr)
Application of underlayment in pitched roofs (pr)
Flocage in metallic claddings of pitched roofs (pr)
Application of spray polyurethane foam (SPF) on the interior surface of pitched roofs (cr, pr)
Application/repair/replacement of the vapour barrier (cr, pr, pmw)
Application/repair/replacement of the thermal insulation (cr, pr)
Application/repair/replacement of the waterproofing system or separation layer in flat roofs (cr, pr)
Injection of filling resins (bedding material) (cr)
Reinforcement of the bedding layer in localised areas (cr, pr)
Cladding
R-B
Reinforcement with metallic elements or composite materials in wood floorings (cr)
system
Consolidation with concrete in wood floorings (cr)
Execution of prostheses or application of reinforcement profiles in door and window frames (cr, pr)
Deformation repair (distortion/shrinkage/warpage/expansion) in door and window frames (cr)
Change/replacement/repair of the fastening system or correction of holes in plates or substrate (cr, pr)
Application of a higher performance render (cr, pr)
Perforation/gap filling in ETICS (cr)
Repair of corroded reinforcement/concrete cover spalling in architectural concrete surfaces (cr)
Application of an additional concrete layer in architectural concrete surfaces (cr, pr)
Execution of a roof slab in pitched roofs (cr)
Change in
Repair/reinforcement/replacement of the bearing structure in pitched roofs (cr, pr)
the bearing
R-C
Application/replacement of the shaping or levelling layer (cr)
structure/sub
Repair of dead cracks in the substrate and reapplication of the cladding (cr, pr)
strate
Pavement levelling in epoxy resin floor coatings (cr, pr)
Application/repair/replacement of expansion joints (cr, pr, pmw)
Replacement/repair of current joints' filling material and/or joints cleaning (cr, pr, pmw)
Application of fungicide, biocide or herbicide in joints (cr, pr)
Joint thickness increase or joint insertion (cr, pr)
Repair/application of tail-ends and associated protection elements (cr, pr, pmw)
Application/repair/replacement/cleaning of drainage systems/plumbing (cr, pr)
Removal of corroded or damaged metallic elements, with hole and notch filling (if applicable) (cr, pr, pmw)
Repair of water penetration spots (cr, pr)
R-D Singularities
Protecting or smoothing of protruding corners or edges (cr, pr)
Cleaning of façade's horizontal areas in adhesive ceramic tiling (pr, pmw)
Repair, insertion or replacement of sealants or insulation mastics in door and window frames (cr, pr)
Replacement of degraded, or missing, elements in door and window frames (cr, pr)
Adjustment, replacement or additional installation of hardware (hinges/locks/span-frame connections) in door
R-D13
and window frames (cr, pr)
R-D14 Lowering of the tail-end area in epoxy resin floor coatings (cr, pr, pmw)
R-D15 Execution of coves in epoxy resin floor coatings (cr, pr, pmw)
R-D16 Correction of geometrical construction details (pr)
cr - curative repair; pr - preventive repair; pmw - planned maintenance works
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R-B10

R-B9
R-B8
R-B7
R-B6
R-B5
R-B4
R-B3
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R-B2

PF

R-B1

ETICS

R-A17

WR
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R-A16
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R-A15
R-A14

ERIFC

R-A13

DWF

0.68
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0.55
0.64
0.62

R-A12
R-A11
R-A10

1.43

WF
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R-A9

FR

R-A8
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R-A6
R-A5
R-A4
R-A3
R-A2
R-A1
0.00
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Figure 1. Relative frequency of prescribed repair techniques for detected defects in each expert inspection system.

Due to the adaptation to the global classification list, Figure 1 values may result from the sum of
absolute frequencies, referring to the union of repair techniques from each expert classification list.
The highest relative frequency in Figure 1 refers to the prescription of “R-A1 Cleaning” in
painted façades. R-A1 corresponds to four specific techniques in the expert inspection system of
painted façades, which divide the act of cleaning in different operations, namely (Pires et al.,
2015a): scrubbing/dusting, manual washing with water and a sponge, washing with a low-pressure
water jet, and chemical cleaning. As the result in Figure 1 (1.65) comes from the sum of four absolute frequencies, it exceeds the number of detected defects. It may be interpreted that, in many
occurrences, more than one type of cleaning operation was prescribed considering (i) the combination of different activities for better results, or (ii) the prescription of different types of cleaning
operations allowing the selection of the best method by decision-makers taking the available equipment and staff into account. Additionally, in the sample of Pires et al. (2015b), the category of
anomalies referring to stains represents about 46% of all detected defects, partially explaining the
recommendation of a high number of cleaning operations. Finally, cleaning a painted surface may
frequently be considered as preliminary work to prepare the surface for further repairs.
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“R-A12 Application of a new (adequate) cladding/finishing coat over the existent/replacement”
is highly recommended in wall renders. Again, the value in Figure 1 (1.43) results from the sum of
the absolute frequency of three repair techniques from the wall renders’ expert classification list:
full/partial replacement of the finishing coat, application of a new finish coat over the existing render, and application of cladding over the existing render (Sá et al., 2014). Considering that inspected
renders were protected with a paint coating, and the average age of the sample of buildings is 27
years (Sá et al., 2015), many likely lacked maintenance or repainting according to the standard
service life of paint coatings in façades—an average of 8.5 years, according to Chai et al. (2015).
Additionally, in the sample of Sá et al. (2015), the cause referring to an irregular repainting periodicity was the most often identified among the group of wear and maintenance faults.
In general, observing Figure 1, it may be concluded that repair techniques in category “R-A
Surface of the cladding” are the most commonly prescribed. The outer layer of a building element
is the most exposed to aggressive agents. Furthermore, its integrity is of high importance to protect
the conditions of the building element and the whole building.

4

Conclusions

The use of a single list of repair techniques in the context of building inspections is user-friendly
for surveyors and contributes to the standardisation of inspection procedures and the improvement
of communication between players in the construction sector. Such a single list of repair techniques
may also be useful as it determines the general scope of repair techniques that should be expected
within a maintenance plan, namely for this selection of twelve materials used in the building envelope. Additionally, analysing frequency data on the prescription of repair techniques allows building
owners and maintenance managers to prepare the staff for the execution of the most common procedures, training workers and acquiring adequate equipment while balancing costs and benefits.
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Abstract. This paper focuses on the study and quantifications of pathologies in solar energy, gas,
cooling, heating and ventilation installations, based on complaints filed in the courts by the owners of
a large number of houses in which errors appeared in those installations. The relevant complaints filed
across all of Spain were studied, in what is an important contribution to forensic engineering, given that
access to the outcome of civil court cases is seldom obtained. The representativeness of the data is not
partial but total, since the entirety of cases existing in the period under study was part of the sample,
enabling us to consider this to be a general exposition on the epidemiology of construction pathologies
in installations in houses in Spain. It should be noted that the Spanish construction sector is one of the
most problematic ones, due to the dissatisfaction generated in homeowners, and as it is one of the ones
leading to the highest number of complaints filed with consumer protection bureaus and in the courts.
In the investigation, results have been obtained for each of the installations (183 cases in total),
according to the type of anomaly (the most important are dysfunctions, leaks and humidity), the
pathological origin (poorly arranged encounters, omissions of elements, among others) and the type of
construction where it is produced (especially in block dwellings).
Keywords: Installations, Complaints, Construction Pathologies.

1 Introduction
The purpose of an HVAC installation is to provide correct heating, ventilation and cooling,
reliably maintaining comfortable values of humidity, temperature, and air quality, despite
changes that might occur externally (Cohen et al. 2017). Accordingly, these installations
(heating, ventilation and cooling) are key in air treatment, dehumidification, etc. Solar energy
and gas supply installations further meet these needs, providing greater comfort. Indeed, in
some context the set of these five types of installations are referred to as comfortability
installations.
Recently, Yang et al. (2018) planned a fault detection mechanism for these installations,
developing a method based of prognoses using synthetic data of temporal series through
simulations in computer programmes. A year earlier, Turner et al. (2017) published a procedure
for fault detection in buildings with some of these installations.
The scientific literature especially covers heating, ventilation, and cooling installations, from
different perspectives. In 2018, a study was published identifying various factors affecting risk
to cost and time in construction (Mosaad et al. 2018). In another perspective, Ruano et al.
(2018) showed that half the energy consumption in residential and non-residential buildings
was basically used by heating and cooling. It is for this reason that other authors (Wu and Sun
2011) consider it useful to develop methods of verification of certain parameters, through the
use of energy flow models; including the study of air flow and the cooling/heating load (Cetin
and Kallus 2016).
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For Behfar et al. (2017), the detection and diagnosis of faults in buildings’ installation
systems (especially when those faults convert into pathology problems) is of interest given that
they allow the reduction of consumptions and operating costs, thus being a useful work tool for
all technicians (engineers as well as architects).
One of the main limitations for the ample and in-depth knowledge of problems in
installations is that a part of the reviewed literature has relied on observation processes or on
surveys more or less focused on buildings of a specific developer or builder. Moreover, the
lower number of problems existing therein in relation to other units more prone to pathologies
(such as roofs, facades and structures) lead to them being less known.
The purpose of this research is to identify the most important types of anomalies in these
types of installations, as well as their recurrence, based on judicial complaints made across all
of Spain by building owners. The knowledge of these anomalies will be useful to designers,
construction managers, and maintenance supervisors.

2 Methodology
This research analysed the data corresponding to the policies dated 2014-2016 of the civil
responsibility insurance of Spanish technical architects and building engineers (Musaat
2014 2016) that saw complaints by owners related to construction problems (Serjuteca
2014-2016). This data was sourced from the Musaat Foundation’s study “National statistical
analysis on construction anomalies” (Carretero-Ayuso and Moreno-Cansado 2016), that aimed
to identify the most frequent anomalies in the Spanish construction sector.
When a building user experiences problems in the construction, and the developer and
builder do not solve them, users often resort to the judicial route. At this point, they also file
complaints against the technicians that participated in the construction process: the designer
and construction managers. This is done mainly because these technicians should be covered
by civil responsibility insurance, which, in turn, is not required in Spain for developer and
builder companies.
Once the judicial process is initiated, expert reports are produced indicating the types of
anomalies and in which construction elements or installations the problems occur. It is from
this database, owned by the insurer of the technical architects and building engineers in
question, that this study obtains all its resources and values. In this regard, it should be
mentioned that, as a requirement to include the data in this research, it was determined that data
points would only be considered when the respective court sentence was final and unappealable
in any higher courts, often years after the complaint was first filed.
All the complaints filed in the country were analysed and protocolised, with 183 cases being
found (number of times an anomaly was counted) related to the installations being study: ‘Solar
Energy’ (I1), ‘Gas’ (I2), ‘Cooling’ (I3), ‘Heating’ (I4) and ‘Ventilation’ (I5).
The classes were classified into 4 groups, each representing a different type of anomaly that
was the object of a complaint by owners, according to the conclusions of the relevant technical
reports. The types of anomalies are: ‘Fissures in the cladding’ (A1), ‘Deficient ventilation (A2),
‘Leaks or humidities’ (A3) and ‘Dysfunctions’ (A4).
The pathological origins leading to these anomalies were identified and catalogued into 4
types: ‘Inadequate tail-ends’ (OP1), ‘Omission of elements’ (OP2), ‘Irregularities and
deficiencies’ (OP3), and ‘Various’ (OP4).
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The types of construction studied were: ‘Detached houses’ (V1), ‘Attached houses’ (V2) and
‘Block dwellings’ (V3).

3 Results
3.1 General Values by Installation
The values obtained in the five installations were very different from one another. As shown in
Figure 1, ventilation (I5=42%) accounts for the greatest percentage, followed by heating
(I4=32%). In last place are solar energy installations (I1=2%).

Figure 1. Percentages of cases existing in each installation.

3.2 Values by Type of Anomaly
As indicated above, each of the 4 types of anomalies that were the object of complaints were
analysed. The one with the greatest prevalence was ‘Dysfunctions’ (A4=64%), a term that has
grouped within it a series of anomalous and poorly functioning processes. As shown in Figure 2,
‘Leaks or humidities’ (A3=19%) are placed second.

Figure 2. General percentages of the types of anomalies found in the research.
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In order to further deepen and break down the information on the prevalence of the anomalies
for each installation, Figure 3 was produced, showing the weight of each of them. It can be seen
that heating and cooling have three types of anomalies each, while ventilation and gas
installations have two types. Finally, we can observe that thermal solar energy installations
concentrate all their anomalies in a single type (‘dysfunctions’).

Figure 3. Distribution of the anomalies present in each of the installations.

It should be noted that in each of the installations there is clearly a dominant anomaly,
aggregating approximately 2/3 of all cases (between 62% and 64%, except for I1, in which case
it is 100%, as it is the sole anomaly). On the other hand, in those installations with three types
of anomalies (I3 and I4), the anomaly with the lowest percentage always has a residual value
(only 2% or 3% of the cases).
3.3 Values According to the Pathological Origin
The pathological origin (cause) with the greatest prevalence is OP4, with 35%, followed by
OP3 with 34% (see Figure 4).

Figure 4. Values from smallest to largest of the different pathological origins found.
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If the origins are broken down for each of the five installations, the following results are
obtained:
-Solar energy (I1) = OP3(100%)
-Gas (I2) = OP1(45%) + OP3(36%) + OP4(18%)
-Cooling (I3) = OP1(16%) + OP2(13%) + OP3(31%) + OP4(41%)
-Heating (I4) = OP1(8%) + OP2(24%) + OP3(39%) + OP4(29%)
-Ventilation (I5) = OP1(8%) + OP2(25%) + OP3(27%) + OP4(40%)
It can be seen that the installations I3, I4, and I5 have 4 pathological origins each. In turn, I2
has 3 types of origins, and I1 has only 1 type.
3.4 Values According to Type of Construction and Type of Anomaly
One parameter that was also characterised by each of the anomalies was the type of construction
in which they occurred. Based on Figure 5, they are most concentrated in ‘block dwellings’
(V3=60%), followed by ‘attached houses’ (V2= 26%). In all cases, the most frequent anomaly
were ‘dysfunctions’ (A4 between 8% and 39%), with ‘leaks or humidities’ (A3 between 3%
and 9%) in second place. Lastly, anomaly A1 is not present in the type of construction V2.

Figure 5. Relation between the type of anomaly and the type of construction.

3.5 Processes of Functional Deterioration
A ‘process of functional deterioration’ (p.f.d.) is the simultaneous and joint interrelation
between each installation, its anomalies, and pathological origins; in this regard, each of the
cases were studied and their anomalies were counted, differentiating them according to
pathological origin.
A total of 30 different p.f.d. were detected in this study (see Table 1), demonstrating the
variability of the situations that can take place. The ones with the most cases were I5-OP3-A4
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and I5-OP4-A4 (18 cases each). They are followed by I4-OP2-A4 (14 cases).
With regard to installations, the one with the greatest percentage was I2, with two
combinations: I2-OP1-A3 and I2-OP3-A4. Each represented 27% of anomalies found in gas
installations. Solar energy (I1) has only one p.f.d., while cooling (I3) has the greatest variability:
9 p.f.d.
Table 1. Percentages of recurrence of each process of functional deterioration.
Installation
Icon
Code
I1

Pathological
origin

Type of
anomaly

% of the
installations

% of the
total

OP3

A4

100%

2%

A3
A4
A3
A4
A4
A3
A4
A3
A4
A3
A4
A1
A3
A4
A3
A4
A1
A3
A4
A3
A4
A2
A4
A2
A4
A2
A4
A2
A4

27%
18%
10%
27%
18%
13%
3%
3%
9%
6%
25%
3%
13%
25%
8%
24%
2%
19%
19%
6%
22%
1%
6%
16%
10%
4%
23%
17%
23%

2%
1%
1%
2%
1%
2%
1%
1%
2%
1%
4%
1%
2%
4%
3%
8%
1%
5%
5%
2%
7%
1%
3%
6%
4%
2%
9%
7%
10%

OP1
I2

OP3
OP4
OP1
OP2

I3

OP3
OP4
OP1
OP2

I4

OP3
OP4
OP1
OP2

I5
OP3
OP4
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The anomaly A4 (‘dysfunctions’) is present in all installations, being associated to three
types of pathological origin: ‘inadequate tail-ends’ (OP1), ‘irregularities and deficiencies’
(OP3), and ‘various’ (OP4). The combinations occurring lest frequently (1 case) are: I2-OP3A3, I3-OP1-A4, I3-OP2-A3, I3-OP4-A1, I4-OP3-A1 and I5-OP1-A4.
The determination and knowledge of each process of functional deterioration have not been
identified nor calculated by any of the bibliographic references reviewed for this research. As
such, this inclusion is considered to be a novel and important contribution to the technicalscientific knowledge on this type of installations, in addition to assisting technicians in focusing
their attention on those combinations that are most problematic. In this manner, it will be
possible to reduce anomalies in both the design and construction phases, as well as minimise
non-quality costs.

4 Conclusions
-

It was shown that the installations with the most cases are ‘Ventilation’ (I5=42%) and
‘Heating’ (I4=32%), representing practically 3/4 of the total. As such, efforts to reduce
anomalies should be focused in these installations.
The most frequent pathological origins were ‘Diverse’ (OP4=35%) and ‘Irregularities
and deficiencies’ (OP3=34%), and most cases were concentrated in ‘block dwellings’
(V3=58%).
Lastly, it was shown that the expert technical reports used as a basis for owners to be
able to file their complaints were a very helpful procedure to determine the installations
in which anomalies occur the most.

Acknowledgements
This work was carried out within the Musaat Foundation’s Action Plan, in line with the ‘Research project on
pathologies in buildings in Spain’.
ORCID
Manuel J. Carretero-Ayuso. https://orcid.org/0000-0002-8082-8996

References
Behfar, A., Yuill, D. and Yu, Y. (2017). "Automated Fault Detection and Diagnosis Methods for Supermarket
Equipment (RP-1615)". Science and Technology for the Built Environment, 23(8), 1253-1266.
Carretero-Ayuso, M. J. and Moreno-Cansado, A. (2016). National Statistical Analysis on Construction Anomalies.
MUSAAT Foundation, Madrid.
Cetin, K. S. and Kallus, C. (2016). "Data-Driven Methodology for Energy and Peak Load Reduction of Residential
HVAC Systems". Procedia Engineering, 145, 852-859.
Cohen, R., Austin, B., Bannister, P., Bordass, B. and Bunn, R. (2017). "How the Commitment to Disclose in-use
Performance can Transform Energy Outcomes for New Buildings". Building Services Engineering Research
and Technology, 38(6), 711-727.
Mosaad, S., Issa, U. and Hassan, M. S. (2018). "Risks Affecting the Delivery of HVAC Systems: Identifying and
Analysis". Journal of Building Engineering, 16, 20-30.

841

Manuel J. Carretero-Ayuso
MUSAAT (2014-2016). Expert Records and Reports if Accidents, Mútua de Aparejadores y Arquitectos Técnicos,
Madrid.
Ruano, A., Silva, S., Duarte, H. and Ferreira, P. M. (2018). "Wireless Sensors and IoT Platform for Intelligent
HVAC Control". Applied Sciences, 8(3), 370.
SERJUTECA (2014-2016). Reports and Documents on Accidents Involving Professional Civil Liability of
Building Surveyors and Technical Architects, Servicios Jurídicos Técnicos Aseguradores, Madrid.
Turner, W., Staino, A. and Basu, B. (2017). "Residential HVAC Fault Detection using a System Identification
Approach". Energy Build., 151, 1-17.
Wu, S. and Sun, J. (2011). "Cross-Level Fault Detection and Diagnosis of Building HVAC Systems". Build.
Environ., 46(8), 1558-1566.
Yang, C., Shen, W., Chen, Q. and Gunay, B. (2018). "A Practical Solution for HVAC Prognostics: Failure Mode
and Effects Analysis in Building Maintenance". Journal of Building Engineering, 15, 26-32.

842

Hydronium
Ana
Martínez
Detection
Ibernón,inJosé
Hardened
M. Gandía
Concrete
Romero, Isabel Gasch and Manuel Valcuende

XV International Conference on Durability of Building Materials and Components
DBMC 2020, Barcelona
C. Serrat, J.R. Casas and V. Gibert (Eds)

Hydronium Detection in Hardened Concrete
Ana Martínez Ibernón1, José M. Gandía Romero1,2, Isabel Gasch1 and Manuel
Valcuende2
1

Instituto Interuniversitario de Investigación de Reconocimiento Molecular y Desarrollo Tecnológico
(IDM), Universitat Politècnica de València, Camino de Vera, s/n 46022 Valencia, Spain. E-mail:
anmarib@arqt.upv.es
Departamento de construcciones arquitectonicas. Universitat Politècnica de València, Camino de
Vera s/n, 46022 Valencia, España. E-mail: mvalcuen@csa.upv.es

2

Abstract. The monitoring of reinforced concrete structures allows us to detect the presence of
aggressive agents into of the concrete matrix, on site and in a real time. These aggressive agents can
produce the unexpected failure of the structures, thus discovering their presence is a fundamental aspect
in the preservation of people safety and the durability of the structure. On the other hand, helps to
reduce the cost of maintenance and repair operations, due to allow us to identify the problems faster,
minimizing the intervention to be done. The present research paper was focused in the hydronium
detection; the reduction of this species generates hydrogen, the hydrogen produces the embrittlement
and cracking of the steel, which seriously compromises the right behaviour of the structure. The problem
of hydrogen appears in industries such as ammonia processing or petrochemistry industries and nuclear
power plants. All of them are industries in which a failure seriously compromises the welfare of people
and the environment. Therefore, the detection of hydrogen penetration in reinforcement concrete
structures in these cases are very interesting. In this study, with the purpose to detect the hydronium or
hydrogen in the hardened concrete matrices is proposed the use of voltammetric sensor, which is part
of a multisensory system called Electronic-Tongue. This is a preliminary study. The objective of these
initial steps was to evaluate the detection capability of the sensor. Currently, have been designing a
sequential test in order to evaluate the sensor in different partial hydrogen pressures with the purpose
to develop mathematical models to the hydronium or hydrogen detection and quantification in hardened
concrete matrix.
Keywords: Durability, Monitoring, Sensors, Hydrogen Embrittlement.

1 Introduction
The detection of hydronium and hydrogen availability variations in the reinforcement concrete
structures is interesting due to the presence of H+/H2 are involve in reactions that produce the
durability loss of the structures.
The reaction and molecular recombination of the hydrogen with metals have a greatly impact
on their mechanical properties (C A Zapfpe, Member, Sims, and Aime, 1941; Mansilla,
Brandaleze, and Ines, 2018; Schroeder and Müller, 2003). In the case of the steels we can
classify the damage produced by the hydrogen in:
• High-temperature Hydrogen Attack (Decarburization), in this process the hightemperature (<200˚C) reaction of absorbed hydrogen with carbides in the steel results
in the decarburization forming methane which can not spread due to the size of its
molecules producing intergranular fissuring (Ovejero,2009).
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Hydrogen-Induced Cracking (HIC), results from the penetration and molecular
recombination of atomic hydrogen produced in the steel surface because of a corrosion
process. This reaction generates high pressures which produce cracks or blisters in the
steel (Ovejero,2009).
• Hydrogen Embrittlement (HE), produce the decrease of the metal ductility and load
bering capability due to the absorption of hydrogen as atomic or molecular form by the
metal. The hydrogen difuses to the metal grain boundaries producing pressure on the
metal grains, this pressures can reach values that reduce the ductility and strength of the
steel (Schroeder and Müller, 2003; Industrial Metallurgists, LLC).
In the case of reinforcement concrete structures these problems can produce the brittle
failure of the structure (Ramón Zamora, 2018) which seriously threatens the people safety, also
the failure generates high economical costs.
These phenomena affect in structures particularly in those industries that work with
environments or substances that contain hydrogen. For instance: nuclear reactors, chemical
industry, etc. Also, the hydrogen can be generated in structures where is used without any
control of the potential the cathodic protection (impressed current) (Byrne, Norton, and Holmes,
2016; Enos, Williams, Clemeña, and Scully, 1998; Ishii, Seki, Fukute, and Ikawa, 1998).
There are other reactions where H2/H+ compromise the reinforcement durability such as the
carbonation of the concrete and chlorides attack.
In the carbonation of the concrete the CO2 penetrates reacting with the hydroxide ions and
increasing (H3O+) activity. The pH drop of the concrete pore dissolution will produce the rebars
passive layer destruction (Lee, Lee, Min, Lim, and Singh, 2018).
On the other hand, when the chlorides arrive to the rebar surface the following reaction take
place (Neville, Wharf, Street, and The, 1995):
(1)
Fe2+ +2Cl-→FeCl
•

2

FeCl2 + 2H2O→ Fe(OH)2 + 2HCl

(2)

This reaction produces a significant decrease of pH in the local solution inside the pits, so in
this area the presence of H2/H+ increase (Andrade, Garcés, and Martínez, 2008).
As is widely known, concrete carbonation and chlorides attack produce the passive layer
destruction and the active corrosion of reinforcements starts if thermodynamic conditions are
favourable.
Therefore, the increase detection of the H2/H+ can help us to avoid the problems related to
the absorption of the hydrogen or hydronium in the steel and also to prevent the corrosion of
the rebars when the carbonation of the concrete or the chlorides attack is produced.
With the purpose of preventing or controlling these phenomena will be effective use
monitoring systems to control the conditions of the rebars embedded in the concrete and also
identify the presence of aggressive substance into of the concrete such as H2/H+.
In this study is proposed the use of a novelty and promising monitoring system formed by
cross-sensitivity voltammetric sensor and named Electronic Tongue (e-Tongue). These systems
are widely used in the food industry being very effective (Bataller, 2001; Ramón Zamora,
2018).
In this monitoring system, a potential signal vary over time is applied on the sensors,
producing the reduction or oxidation over the sensors surfaces of different electroactive species
presents in the electrolyte, being recorded an electrical current response from each sensor. The
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reactions that produce these responses depend on the quantity of the electroactive species and
the experimental conditions, such as the sensor material and the potential sweeping range.
Therefore, depending on the agents of interest (oxygen, water, chlorides, H+/H2, etc.) the
experimental conditions will be defined. Then, by means of multivariate analysis of the sensors
response, can be developed forecasting and quantification mathematical models to modelling
the presence of the interest substance in the hardened concrete matrix.
In this study was performed an initial evaluation of the Rh voltammetric sensors capability
in order to detect variations in the couple hydronium/hydrogen inside of the hardened concrete.
These sensors form part of the novel multisensory system e-Tongue, which are currently
under development. In a previous work was verified the capability of INOX voltammetric
sensors to detect oxygen availability variations inside of the hardened concrete matrix
(Martínez-Ibernón et al., 2020) which is going to form part of the e-Tongue.

2 Materials and Methods
Concrete sample (10 cm x10 cm x10 cm) of water/cement ratio 0.4 was made, the composition
of the concrete is specified in Table 1.
Table 1. Composition of the concrete.

Materials
Cement I 42.5 R-SR5
Water
Superplasticizer
Siliceous sand
Aggregate

kg/m3
490
196
3.4
1115
601

In the concrete sample was embedded one e-Tongue which is under development (Figure 1).
This Electronic Tongue are made by a stainless-steel hollow cylinder filling with epoxi resin
where are embedded the voltammetric sensors of the e-Tongue.
The purpose of this study is analysed the response of one of the sensors that forms the eTongue, this is the Rh voltammetric sensor, this are made with thread of this metal (1mm of
diameter and 2mm of length).

Figure 1. Electronic Tongue.

The samples were studied in two different conditions:
• State 1: Concrete in atmospheric conditions (dry conditions).
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•

State 2: Concrete saturated with water. In order to ensuring the higher quantity
penetration of water inside of the concrete matrix, the samples were inserted in a deposit
with an airtight lid. In this deposit was reached the vacuum conditions by means of a
pump, these conditions were kept during three hours. Then was let the entrance of water
until the samples were totally submerged. After two hours the vacuum was broken and
the specimens were kept submerged in water as show the Figure 2.

Figure 2. Test set-up, for submerged conditions (state 2).

Two different testing experiences were defined:
• Experience 1: First, the cyclic voltammetry (CV) technique was applied in the Rh sensor
with the sample in state 1 (atmosphere conditions), then, the sample was saturated with
water (state 2) and the voltammetry test was repeated in this condition. In the cyclic
voltammetry test were applied three potential sweep signals with different potential
ranges.
• Experience 2: In this experience, was used a high amplitude cathodic potential pulse
(-1.6V amplitude signal), during 3 min, to ensure the generation of atomic and molecular
hydrogen. The samples in this experience were in water saturated conditions (state 2).
The test sequence was: Previously to apply the potential pulse was tested the sample
with a CV, in order to define a baseline of the system conditions, then, the hydrogen
generation pulse was applied, finally a cyclic voltammetry was applied. The experience
was repeated for two different potential sweeps.
The electrochemical techniques were applied with three electrodes and Autolab PGSTAT10
equipment was used. Specifically, these three electrodes were:
• Reference electrode: a saturated calomel electrode (SCE).
• Counter electrode: Stainless steel lining (Figure 1).
• Working electrode: Rh voltammetric sensor.
The experiences defined allowed us to check the presence of peaks related to reactions
associated with the hydronium and the hydrogen. It was possible through the comparation of
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the results with the voltagrams for alkaline systems showed in the paper Jaksic, Johansen, and
Tunold, (1994).

3 Results and Discussion
The Rh voltammetric sensors used in the Electronic Tongue are capable to detect the presence
of hydronium and hydrogen in the concrete matrix. As we can see in the Figure 3, the
morphology of the electric current density curve, obtained with the embedded sensor in the
conditions of the state 2, is similar to the curve obtained in an alkaline system in dissolution
(Jaksic, Johansen, and Tunold, 1994), we can identify the same peaks associated with reactions
that involve H+/H2.
However, when the samples are in non-saturated conditions (state 1), meaning the water
availability inside of the hardened concrete is very low, the peaks related to the hydronium and
hydrogen do not appear (Figure 4).

Figure 3. Results Experience 1: Successive cyclic voltagrams on the Rh electrode embedded in sample of
w/c=0.4 concrete in saturated state (state 2). The points g, f, a and b are the peaks associated to the proton
reactions as defined by Jaksic, Johansen, and Tunold, (1994).
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Figure 4. Results of Experience 1: Successive cyclic voltammograms on the Rh electrode embedded in
sample of w/c=0.4 concrete in atmospheric state (state 1).

On the other hand, after to apply a high amplitude potential pulse with negative value, the
generation of hydrogen was assured. The amplitude of the pulse was -1.6 V, at this potential
and for pH similar to the concrete (pH≈12.5), water reduction is already taking place, in this
reaction H2 is generated.

Figure 5. Results of Experience 2: Line black: Voltagram of the system previously cathodic pulse (PP). Line
grey: Voltagram of the system after cathodic pulse (AP). Green square: Indicates the zone where the response is
associated to reactions where are involved H+/H2.

The Figure 5 shows how after to apply the cathodic pulse (AP), the peaks associated with
the desorption and adsorption of the H+/H2 risen. The increasement of the desorption peaks
causes the upward movement of the curve, due to in this potential range the mainly reaction is
with H+/H2, whereas previously to the potential pulse application the mainly reaction was the
water reduction.
If the test is repeated doing several sweep cycles in each situation (AP and PP), we can see
how in the PP situation (previously to the cathodic pulse application) (Figure 6 a) there are a
negligible change from initial sweep. However the results obtained when the cathodic potential
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pulse is applied (-1.6V) shows the increasement of the total electric density current as cycles
are done (Figure 6 b).
This demonstrates that the Rh electrode has a region of potential sensitive to the generation
and adsorption/desorption processes of H + / H2. Therefore, this sensor could be used in
hardened concrete matrix to detect the species involved in the redox couple.
a)

b)

Figure 6. Results of Experience 2: a) Voltagram of the system previously cathodic pulse (PP). b) Voltagram
of the system after cathodic pulse (AP). C1, C2 and C3 are successive cycles. The zone under examination are
pointed with the green rectangle.

3 Conclusions
According to the results, the developing voltammetric sensors are capable to detect variations
in the presence of the system hydronium/hydrogen inside of the hardened concrete matrix, and
thus the Rh electrode could be useful to determine the pH or the hydrogen activity inside of the
materials.
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Abstract. Electrical resistivity is a parameter sensitive to several properties of concrete, including
water content, which is one of the key parameters governing concrete long-term durability. In this paper,
the monitoring of the concrete water content profile throughout its entire thickness is discussed using
an electrical approach as a measurement method. This is very relevant to applications requiring a
centimeter resolution over a large thickness. The aim of this paper is to implement a multi-electrode
embedded sensor in a concrete slab to determine the resistivity profile over concrete depth in order to
monitor its drying. The sensor, designed as a printed circuit board (PCB), is integrated in two 30 cm
thick concrete slabs. Different measurement configurations are presented. Following qualification in
laboratory and controlled conditions, the study focuses on characterizing the sensor’s response during
the drying of the slabs. The results demonstrate the capability of the sensor to monitor concrete drying
by measuring the resistivity profiles with a spatial centimetric resolution.
Keywords: Electrical Resistivity, Embedded Sensor, Monitoring, Thick Concrete Structures, Drying
Process.

1 Introduction
The durability of a concrete structure is characterized by its ability to keep the use functions for
which it was designed. The main degradations of reinforced concrete structures are due to
reinforcement corrosion, for which the parameter responsible for its development is the
concrete water content.
The determination of the concrete water content using non-destructive testing (NDT)
methods has been the subject of many studies (e.g. Balayssac and Garnier, 2017; Kaplanvural
et al., 2018). Among these NDT methods, DC-electrical methods, which provide access to the
electrical resistivity of the material, are particularly sensitive to the concrete water content
(Millard, 1991; Andrade et al., 2007; Du Plooy et al., 2013; Fares et al., 2015). However, the
electrical methods that are implemented on the surface have reduced resolutions with respect
to the thickness of the concrete structures and the investigated depth does not generally exceed
a few centimeters in the concrete cover. In addition, it is necessary to wet the surfaces of the
electrodes to avoid high resistance contact. Hence, Badr et al. (2019) developed an embedded
sensor based on a printed circuit board (PCB), which presents various advantages such as:
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measuring profiles with a centimeter resolution through the whole thickness of a reinforced
concrete structure, ensuring good and lasting electrical contact between the concrete and the
electrodes, reducing invasiveness, allowing a high geometric accuracy together with a low
fabrication cost and mitigating wiring problems. This new resistivity embedded sensor and the
measurement chain were validated in various solutions and in small concrete specimens
(Ø11x22 cm) but not in full scale concrete structures (Badr et al., 2019).
The main aim of this study is thus to characterize the PCB sensor in more realistic operational
conditions, namely two 30 cm thick reinforced concrete slabs, one reinforced with carbon steel
bars (HA), and the other one with fiberglass rebars (an electrically insulating material) (FV).
The variability of the measurements and the impact of the reinforcements are evaluated in order
to test the sensitivity of the sensors by determining the electrical resistivity profiles as a function
of the depth. The evaluation of the water content profile requires a material-dependent
calibration procedure which is not presented in this article.
The paper starts with a description of the experimental program carried out on the slabs HA
and FV each instrumented with two embedded PCB sensors. Then the characterization of the
embedded sensors is presented regarding the repeatability, reproducibility and influence of the
reinforcement. Finally, we discuss the monitoring of the resistivity profiles during 372 days of
drying at 45 °C and we conclude.

2 Experimental Program
The PCB sensors are embedded in the slabs HA and FV. The descriptions of the experimental
program regarding the geometry and measurement configurations of the PCB sensors as well
as the instrumentation of the slabs, are detailed in the following section.
2.1 Geometry of the PCB Embedded Sensor and Measurement Configurations
The PCB sensor has a ladder shape in order to improve the anchoring of the electrodes in the
concrete. The number of electrodes in the PCB sensor used in this study was increased from 19
(Badr et al., 2019) to 28 electrodes, each having dimensions of 5x1.5 mm2 staggered on either
side of the circuit, to investigate the entire 30 cm thickness (Figure 1). The spacing between the
electrodes is 2 cm on each side, hence 1 cm taking into account both sides.

Figure 1. Schematic diagram of the PCB sensor with 28 electrodes.

The PCB sensor presents two measurement configuration modes: the Transmission
configuration and the Wenner configuration. In the Transmission configuration mode, an
electrical current of intensity 𝐼𝐼 is transmitted through the two stainless steel grids (Ø = 15 cm)
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placed on both sides of the PCB sensor and a potential drop (𝛥𝛥𝛥𝛥) is measured between all pairs
of consecutive electrodes located on the same side of the PCB sensor (E1E3, E2E4, E3E5, …,
E26E28) (Figure 1). In Wenner configuration mode, the quadrupole measurements C1C2P1P2
(where electrodes C1 and C2 are used for current injection and electrodes P1 and P2 are used
for potential drop measurements) are successively E1E7E3E5, E2E8E4E6, E3E9E5E7, ...,
E22E28E24E26 (Figure 1).
The apparent resistivity 𝜌𝜌𝑎𝑎 is obtained for each configuration, using equation (1):
𝜌𝜌𝑎𝑎 = G

(1)

𝛥𝛥𝛥𝛥
𝐼𝐼

where G (in meters) is a geometric factor which depends on the geometry of the structure and
on the shape and positions of the electrodes. G is numerically determined in a homogeneous
medium by a finite element calculation using COMSOL Multiphysics®.
2.2 Slabs Instrumentation
The concrete used in this study was based on cement type 1 (CEM I) with a water-cement ratio
of 0.59 and a porosity of 15.0% ± 0.9%. Two concrete slabs measuring 75x75x30 cm3, equipped
with 12 mm diameter reinforcement, spaced 20 cm apart, were cast. The cover concrete
thickness is equal to about 5 cm so the distance between the two rebar beds is about 20 cm. In
one of the slabs the reinforcements are made of fiberglass (FV), and in the other the
reinforcements are made of high-adhesion steel (HA), in order to check the possible influence
of the reinforcement on the measurements with the embedded sensors.
Two PCB sensors of 28 electrodes are embedded in each slab, between two stainless steel
grids of diameter 15 cm, and spaced by 29 cm. They are placed on the right (Ed) and on the left
(Eg) hand side relative to the surface of the slab exposed to drying (Figure 2).

Eg

Ed

Figure 2. Instrumentation of the HA slab: (a) schematic diagram of the lower part of the slab where the PCB
sensors Ed and Eg are placed (dimensions in cm), (b) close-up photo on the PCB sensor Ed in the mesh
reinforcement (with only one of the grids).

The slabs were conditioned during 41 days in wet cure in a room at a temperature
T = 20 ± 2 °C, and at a relative humidity HR = 95 ± 5%. The method of generating the water
content profile consists in inducing a unidirectional drying by exposing a single face to drying
and waterproofing the other five faces by coating them with aluminum foil. The FV slab was
exposed to 5 months of drying at 20 °C and 1 year of drying at 45 °C in order to accelerate the
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establishment of the resistivity profile. The HA slab was exposed to 13 months of drying at
20 °C and 3 months of drying at 45 °C.

3 Characterization of the PCB Sensors
This part of our work examines the characterization of the PCB sensors embedded in the two
reinforced concrete slabs HA and FV. First, we check the repeatability and reproducibility of
the measurements made with each sensor, then we show the influence of reinforcement (HA
and FV) by comparing the response of the sensors in the two slabs.
3.1 Repeatability
The evaluation of the repeatability of the apparent resistivity measurement is obtained by
performing three measurements, repeated with few minutes interval. These measurements are
acquired, under both saturated conditions (Table 1) and unsaturated conditions (Table 2), for a
chosen electrode configuration, in the middle of the slab (z = 15 ± 0.5 cm), depending on the
orientation of the sensor and the position associated with each configuration.
Table 1. Coefficient of variation (CV) of apparent resistivity measurements at the initial saturated state t0 with
the PCB sensors in the slabs HA and FV for both Transmission and Wenner configurations.

ρa [Ω.m]
Transmission
CV %
Wenner
CV %

FV_Ed
15.5 ± 1.5
9.6 %
13.5 ± 0.1
0.7 %

FV_Eg
9.5 ± 0.9
9.4 %
13.8 ± 0.1
0.7 %

HA_Ed
9.1 ± 0.3
3.3 %
16.3 ± 0.1
0.6 %

HA_Eg
17.7 ± 0.9
5.1 %
16.1 ± 0.2
1.2 %

Table 2. Coefficient of variation (CV) of apparent resistivity measurements at an unsaturated state with the
PCB sensors in the slabs HA and FV for both Transmission and Wenner configurations, where t’0 marks the
beginning of concrete drying at 45 °C.

ρa [Ω.m]
Transmission
CV %
Wenner
CV. %

t’0+268 days
FV_Ed
FV_Eg
71.9 ± 3.2
69.9 ± 4.1
4.5 %
5.9 %
103.5 ± 0.6
82.7 ± 0.8
0.6 %
1.0 %

t’0+62 days
HA_Ed
HA_Eg
24.1 ± 1.1
8.7 ± 0.8
4.6 %
9.2 %
12.6 ± 0.2
19.9 ± 0.2
1.6 %
1.0 %

At the saturated state, the coefficient of variation CV for the repeatability ranged between
3.3% and 9.6% for the Transmission configuration and between 0.3% and 2.1% for the other
configurations. At the unsaturated state, the CV varies between 4.5% and 9.2% for the
Transmission configuration and between 0.5% and 2.1% for the other configurations. We note
that the CV for the repeatability is consistently larger in the Transmission configuration. We
recall that with this configuration, the current is injected through the metallic grids and the
potential drop is measured between two consecutive electrodes of the PCB sensor. Therefore,
a difference exists between the injection electrodes and the potential measurement electrodes
concerning their size and the nature of the material that constitutes them. This may explain
poorer repeatability compared to other configurations for which injection and potential
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measurement electrodes are identical. We have also verified that these CVs do not increase with
the drying of the concrete which is promising for our application.
3.2 Reproducibility Between PCB Sensors in the Right and Left Sides of Each Slab
In this section, our goal is to evaluate the difference in response between the PCB sensors
located on the right and left side of each slab (respectively denoted Ed and Eg). The
reproducibility between the sensors is associated here with both the sensor change and the
variability of the concrete material. We present the results obtained in the FV slab where the
drying is more advanced to show the extreme states (saturated and unsaturated), knowing that
similar behaviors are observed in the HA slab. Figure 3 shows the apparent resistivity profiles
measured with both PCB sensors, Ed and Eg, using the Transmission configuration.
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Figure 3. Comparison of the apparent resistivity profiles measured with the PCB sensors on the right and left
sides of the FV slab using the Transmission configuration: (a) at the saturated state, (b) at the saturated and
unsaturated states (where t’0 marks the beginning of concrete drying at 45 °C).

The differences observed in Figure 3 can be related to the variability of the concrete. Indeed,
a measurement is essentially sensitive to a restricted volume of material between (and around)
the two electrodes where the potential is measured (Badr et al., 2019). This volume is less than
the representative elementary volume (REV) of an electrical measurement in concrete, the
dimensions of the REV having to be at least three times the maximum size of aggregates (Du
Plooy et al., 2013), in this case 3Dmax = 36 mm. At the scale of these very local measurements,
the material cannot be considered homogeneous. Measurements are therefore expected to be
sensitive to the natural variability of the material, and, in particular, to the distribution of
aggregates in the immediate vicinity of the electrodes.
On the other hand, from the point of view of the global trends, the measurements exhibit the
same evolution of the concrete water content between t0 and t'0 + 372 days (Figure 3 (b)) on
the left and right sides of the slab, which is also promising for our application. The
reproducibility between both PCB sensors is therefore verified.
In the following, we only detail the results of the Ed sensors to simplify the presentation and
interpretation. The measurements obtained from the Eg sensors are similar.
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3.3 Influence of the Reinforcement
The presence of steel reinforcement can disturb the electrical resistivity measurements, due to
the fact that steel is a much better electrical conductor than the liquid phase in concrete. Various
authors have cited the importance of steel’s influence on the electrical resistivity measurement
in a reinforced concrete structure (Millard, 1991; Polder et al., 2000; Bungey et al. 2006,
Reichling et al., 2015; Alhajj et al., 2019; Villain et al., 2020).
In this section, we compare the response of the PCB sensors between the HA and FV slabs
to evaluate the influence of the reinforcement. At the saturated state, the slabs HA and FV are
similar in all aspects except that of the reinforcement nature, it is therefore relevant to make
this comparison at this state. Figure 4 shows a comparison of the measurements obtained with
the PCB sensors in the slabs HA and FV using the Transmission configuration.
40
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Figure 4. Comparison of apparent resistivity profiles measured with the PCB sensors in the saturated slabs HA
and FV using the Transmission configuration.

Differences between the sensors’ responses in the two slabs are observed in Figure 4. At the
saturated state, a normalized mean root squared error (NRMSE) of 9.1% is obtained in
Transmission configuration between HA and FV, comparable to 8.4% obtained, for the same
configuration, between the PCB sensors on the right and on the left sides of the FV slab (section
3.2). Therefore, the difference in nature of the reinforcements (HA steel or FV fiberglass) has
a small influence on the apparent resistivity measurements obtained by the PCB sensor placed
in the center of the reinforcement mesh. Differences between the sensors’ responses can be
attributed to variations between the investigated materials in the two slabs.
Thus, in this study, the presence of steel reinforcements does not significantly affect the
response of the PCB sensors.

4 Monitoring of the Resistivity Profiles
The purpose of this section is to study the apparent resistivity profiles of the PCB sensors during
the drying of FV slab.
Due to the low resistivity gradient observed under drying at 20 °C, and in order to test the
sensitivity of the sensors to a higher gradient with depth, we accelerated the drying of the slabs
by exposing them to an increased temperature of 45 °C. The variation of the apparent resistivity
profile with time for the FV slab, using Transmission and Wenner configurations, is illustrated
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in Figure 5.
The monitoring carried out during the drying of the FV slab at 45 °C indicates a resistivity
gradient between the surface exposed to drying (z = 0 cm) and the protected surface (z = 30 cm)
revealing a lower saturation level at the surface, as we can observe in Figure 5. Near surface
resistivity values (z = 3 ± 1 cm) increase gradually during the 372 days of drying.
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Figure 5. Monitoring of the apparent resistivity profiles measured with the PCB sensors during drying of the FV
slab: (a) using the Transmission configuration, (b) using the Wenner configuration.

5 Conclusion
In this paper, a PCB sensor based on an electrical resistivity technique is used to evaluate the
resistivity profile of two 30 cm thick reinforced concrete slabs, one reinforced with carbon steel
bars (HA) and the other with fiberglass bars (FV). The repeatability and reproducibility of the
measurements are checked in saturated and unsaturated conditions, confirming that the results
measured with the PCB sensors are within an acceptable range of variability. A monitoring of
the electrical resistivity profiles as a function of depth is carried out on the slabs at different
times of drying. Resistivity measurements increase over time, showing the sensitivity of the
sensors to the evolution of concrete during drying. Thus, this new embedded sensor is validated
in a real size reinforced concrete structure and we showed that it reaches its monitoring
requirement with a centimetric resolution. In perspective, it is expected that the developed PCB
sensor will be used in concrete structures to monitor water content profiles by means of a
specific calibration.
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Abstract. Corrosion of steel embedded in reinforced concrete is the phenomena that most affects the
durability of this type of structures. The control and analysis of the rebars can help detect this problem
beforehand, contributing to prevent costly repairs made when the damage is quite advanced. Currently,
there are several techniques for measuring the corrosion rate of steel, but they have the disadvantage
of being slow or requiring specialized tools. In addition, these techniques need direct connection to the
rebars, so removing the concrete cover layer is necessary. This destructive technique is sometimes
impossible to do because there are analysis zones which are inaccessible due to they are buried or
submerged. Recently, using sensors embedded previously casting and external electrical connections
let analyse the corrosion without using invasive techniques. This study presents the complementary
technique of analysing macrocell currents in order to know the origin and direction of current in
reinforcements. This technique requires less time and non-advanced material, only an ammeter and
electrical connection to the rebars, executed before casting. In addition, this parameter provides
information about the real corrosion of the different parts of the structure. In this study it is performed
the laboratory analysis of this technique by the use of specimens containing one anode and one cathode
inside them creating a macrocell. The influence of different environments on macrocell current
intensities shall be studied and compared with other studied parameters as corrosion density.
Keywords: Macrocell Currents, Reinforced Concrete Durability, Corrosion Potential, Corrosion
Density, Concrete Resistivity.

1 Introduction
Reinforced concrete is the most used construction material worldwide due to its characteristics,
mechanical properties, low-cost and durability. The durability concept is defined as the ability
to withstand the mechanical actions, environmental conditions, chemical attack or any other
kind of damage that affects the initial state and reduces the lifespan. Durability parameter
became a key aspect during design process since nineties. (Tang et al., 2015; Garcés et al.,
2008).
One of the most frequent problems that affects the durability of reinforced concrete
structures is the corrosion of the rebars. High alkalinity generated by cement matrix (pH usually
higher than 12.5) generates a passive layer on the reinforcements, which is transparent,
continuous, compact and protects the rebars. In addition, the cement matrix entails a dense
barrier between the rebars and the atmosphere where pieces are located. Nevertheless, the cover
layer is porous and presents a certain permeability to gas and water, becoming an access path
for aggressive agents. The aggressive agents, as chlorides or CO2 are able to destroy the passive
layer and trigger active corrosion, which is the main cause of reinforced concrete structures
failure (Bertolini et al., 2013; Garcés et al.,2008).
One of the greatest problems of steel corrosion in reinforced concrete is its difficult
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detection. Corrosion phenomena develops itself internally and it is visible externally once the
damage is quite advanced, through rust stains or cover layer cracks. As a result, corrosion
generates expensive repairs due to the belated detection and the necessity of periodic reviews
because it is not possible to eradicate the problem completely. Last reports and statistics show
the great amount governments invest for repair of reinforced concrete structure (François et al.,
2018).
During the last twenty years, a lot of corrosion measurement techniques have emerged in
order to help detecting corrosion beforehand. The main disadvantage of these techniques is the
rebar connection necessity, so removing the concrete cover layer is required. Sometimes, this
fact is impossible when the structural elements are submerged or buried. (Andrade et al., 2001;
Bertolini et al., 2013; Ramon Zamora, 2018; Ramón Zamora et al. 2016).
Using sensors embedded before casting has become an alternative during last years.
Electrical connections executed previously casting let analyse the local corrosion without using
invasive techniques. However, most of data collection require a lot of time or specific tools,
which are really expensive (Ramón Zamora et al., 2016; Ramon Zamora, 2018).
The main inconvenient of using isolated sensors for corrosion monitoring is that it can be
only measured the local corrosion. However, in structures, real corrosion is completely different
to the local corrosion due to macrocell currents. Different parts of the reinforcements are
electrically connected and macrocell currents generate currents becoming areas in anodes and
cathodes.
This study shows the effectiveness of using macrocell current analysis as an important
complementary measurement to the corrosion analysis. Macrocell analysis allows to observe
the currents direction and to detect the zones shedding electrons (anodes) and demanding them
(cathodes). In addition, using macrocell analysis, it is possible to know the general behaviour
of the reinforcements and not just the local corrosion parameters.

2 Macrocell Currents Analysis
Galvanic macrocell is the most important electronic transference process in corrosion (Andrade
et al., 1992). The macrocell is generated by the presence of great passive areas connected
electrically to active areas, where corrosion phenomenon occurs. In this situation, active zones
are the anodes (electrons source), while the rest of the passive rebars are the cathode, and the
porous dissolution of the cement matrix serves as the electrolyte (Andrade et al., 2008; Bertolini
et al., 2013).
Some authors highlight macrocell corrosion is produced together with microcell corrosion
(Andrade et al., 1992; Ji et al., 2013). The last one is due to heterogeneity of the material,
creating small microcells between the different phases of the microstructure. In Figure 1, it is
possible to see the difference between microcells and macrocells.
The macrocell current is measured with a Zero Resistance Ammeter (ZRA) (Andrade et al.,
2008). Using ZRA in laboratory is possible due to specimens where anode and cathode have
not electrical contact can be manufactured. However, measurements in real structures are
impossible due to there are electrical contacts between rebars. In this case, it should be
necessary to isolate one part of the reinforcements, becoming this measurement an invasive
technique. Including isolated sensors and using electrical connections executed before casting
would avoid destructive techniques and would facilitate the measurements.
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Figure 1. Macrocells and microcells.

2.1 Previous Work
Previously to this study, a macrocell analysis was performed using small specimens and
different dosages (Lliso-Ferrando et al., 2019). During the first phase of this analysis,
cylindrical test specimens where measured as it is shown in Figure 2. The corrosion process is
slower than using impressed current, but it allows to observe the corrosion phenomena in a
more natural way. The rebar works as anode and the stainless steel plates are the cathodes,
which demand electrons to the carbon steel due to the oxygen availability in water.

Figure 2. Test specimen and testing procedure.

The study allowed to analyse the influence between cathode-anode surface ratio in the
corrosion intensities, as it is possible to see in Figure 3. Several specimens with different mixes
were studied. The anode surface is always the same (specimen), and the cathode surface
increase gradually (stainless steel plates). As shown in Figure 3, once the ratio between anode
and cathode surface exceed 1/350, the macrocell intensity stabilizes because the anode is not
able to provide more electrons. As it is possible to appreciate, depending on the concrete
characteristics, the ratio can be lower if the concrete quality is better (lower water/cement ratio).
During the second phase of this study, the specimens were exposed in 24 hours’ periods to
different environments (Laboratory conditions (65% R.H. and 20ºC), Saturated, 100% R.H.,
dry (40ºC and 23% R.H.)). In every atmosphere, macrocell intensities were measured. It was
found the cyclic tendency of this parameter. However, the cathode (stainless steel mesh) was
joined to the specimen using a wet cloth. This situation simulated a hypothetic case.
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Figure 3. Cathode/anode surface ratio for several specimens with different W/C ratio.

In the present case study, the analysis is carried out on specimens where anode and cathode
are embedded in concrete to simulate a real situation.

3 Experimental
3.1 Materials
Several concrete specimens were manufactured, using cement CEM I, and a water/cement ratio
of 0.5. The table 1 shows the dosage and the compressive strength.
Table 1. Dosage of concrete per weight.

fc
47.3 Mpa

w/c
0.5

Cement*
360

Water
180

*CEM I 42.5.

Superplasticizer
1.1

Sand
1872

3.2 Test Specimens
In Figure 4, test specimens’ schemes and pictures are shown. The measurements were carried
out on cylindrical specimens with a diameter of 100mm and a height of 200mm. Inside the
specimen, a rebar was embedded (Ø1.2x16 cm) having electrical connection. A stainless steel
mesh was embedded having a cable for electrical connection too. Using different steels, noblest
metal is the cathode (stainless steel), while rebar is the anode (carbon steel), it is possible to
create a macrocell when they are connected.
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Figure 4. Test specimens.

3.3 Measurements
After 28 days of casting and curing, specimens were exposed to accelerated carbonation
process. The chamber conditions were 20ºC, 65% R.H. and 30% CO2. The specimens were
located in the chamber until they were completely carbonated. This period lasted two months.
This process allowed to work having higher macrocell and corrosion currents.
Once rebars were depassivated, the specimens were exposed to different atmospheres during
24 hours’ periods. At the end of each cycle, resistivity, corrosion potential and macrocell and
corrosion currents were measured. During all the process, anode and cathode were electrically
connected and just for measuring they were disconnected.
The specimens were exposed to four different atmospheres: dry atmosphere (40ºC and 23%
R.H.); saturated (3 hours in vacuum and 21 hours submerged); 100% Relative Humidity; and
laboratory environment (approx. 65% R.H.).
Macrocell measurements were carried out with a ZRA.

4 Results
Figure 5 shows the macrocell and local corrosion currents evolution during the different cycles
when concrete samples were exposed to different environments after carbonation process. As
shown in Figure 5, macrocell currents have a cyclic tendency related to the changes in the
environment where test specimens are located.
In addition, it is possible to appreciate how local corrosion intensity values also change
depending on the atmosphere where specimens are located. This is due to the fact there are
different humidity levels in each environment. On the one hand, when specimens are in a 40ºC
and 23% R.H. atmospheres, there is barely enough humidity for let ionic transfer between anode
and cathode, and intensities show lower values. Otherwise, when specimens are located in
humid environments, presence of water allows the ionic transfer and intensity values doubled
their previous ones.
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Figure 5. Macrocell current and local corrosion current cyclic variations.

Furthermore, we can appreciate there are not variations between macrocell intensities in
specimens 1 and 2, despite having different cathode surfaces. As it was commented on Figure
3, depending on the concrete quality, the stabilization between cathode/anode surfaces can
generate no differences between these currents. In this case, the ratio anode/cathode in specimen
1 was 1/10 and in specimen 2 was 1/20. However, as highlighted in Table 1, the concrete has a
good quality (lower water/cement ratio) and these ratios are in the stabilized part.
Figure 6 shows the average values of macrocell and local corrosion intensities values. Also
it is possible to appreciate the total corrosion intensity values.

Figure 6. Macrocell and local corrosion intensities and the total corrosion intensity.
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Total corrosion intensity has been obtained from the sum of macrocell intensity and local
corrosion intensity. As shown in Figure 6, macrocell intensities ranged between 30%-40% from
the total corrosion intensities. This fact highlights we mustn’t underestimate the macrocell
created in the reinforcements.

5 Conclusions
In this study, it has been shown the importance of analysing the macrocell currents in order to
understand and know the real corrosion currents in rebars embedded in reinforced concrete
structures. The experimental analysis has let to check the behaviour of macrocell and local
corrosion intensities in different atmospheres. It has been possible to appreciate the relation of
these parameters and the humidity/water presence in the cement matrix.
This study shows using sensors for analysing the local corrosion can lead to wrong results.
Overlooking the macrocell currents it is possible to obtain corrosion values 30%-40% lower
than the real corrosion intensities.
The main purpose of this study was understanding the macrocell currents in order to become
possible the macrocell currents real-time monitoring in reinforced concrete structures. This fact
can become an important tool in order to complement the corrosion analysis of the steel
embedded in reinforced concrete structures.

6 Future Analysis
The next step for understanding better the macrocell current is the analysis using samples where
rebars are not carbonated. This study was carried out using carbonated concrete specimens in
order to get high corrosion and macrocell currents values. A variant of this study can be the
analysis of corrosion and macrocell currents before the rebars depassivation and afterwards.
In addition, the analysis of macrocell currents in a real structure is an essential tool in order to
understand the electrochemical processes and how they develop themselves in real cases. In the
electrochemical laboratory of ETSIE, in UPV, a 20 meters long beam was manufactured two
years ago. The beam is located in the campus gardens and it was exposed to the weather
conditions. The piece includes several reinforcements embedded in order to observe the
macrocell currents. The rebars are still passive and in a short-them period, the macrocell and
corrosion intensities will be monitored and analysed in passive state and once they are
depassivated.
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Abstract. Climate change and the request for better assets’ energy performances are forcing the
construction sector towards passive or even active buildings: assets with a positive balance between
energy production and consumption. Building insulations play a crucial role in reducing energy
demand. One of the most used technology to insulate new and refurbished buildings are the External
Thermal Insulation Composite Systems (ETICS). Despite their thermal advantages, low cost, and ease
of application, these systems may have serious problems if not well designed. Cracks on the coating
layer are among the most common pathologies during ETICS service life. They have been studied using
a Finite Element Method (FEM) analysis on two different types of ETICS in order to understand how
cracks and the mechanical characteristics of materials used in the ETICS are related. The results show
that errors during ETICS installation impacts on cracks occurrence as much as the mechanical
performances of some layers. The FEM analysis have been complemented by the experimental study of
the mechanical behavior of the coating layer under the effect of rainwater, in order to better understand
ETICS behavior over their service life.
Keywords: External Thermal Insulation Composite Systems (ETCS), Finite Element Methods (FEM),
Mechanical behavior, Durability.

1 Introduction
Climate change and the request for better assets’ energy performances given by the European
Union (Directive EU 2018/844) are forcing the construction sector towards passive or even
active buildings, i.e. assets with a positive balance between energy production and
consumption. According to the (European Construction Sector Observatory, 2019) of the
residential building stock in the EU Member States, on average 45.4% of the buildings were
built before 1969 and 75.4% before 1990. This means that, not only designing and constructing
energy efficient buildings should be targeted, but also retrofitting the building with energy
efficient strategies to improve buildings performance through its lifespan should be considered
(Sözer, 2019).
Building insulations play a crucial role in reducing energy demand. One of the most used
technology to insulate new and refurbished buildings are the External Thermal Insulation
Composite Systems (ETICS). According to (ETAG 004) an ETICS is “a system that comprises
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a prefabricated insulation product bonded onto the wall, or mechanically fixed using anchors,
profiles, special pieces, etc..., or a combination of adhesive and mechanical fixings. The
insulation product is faced with a rendering consisting of one or more layers (site applied), one
of which contains a reinforcement. The rendering is applied directly to the insulating panels,
without any air gap or disconnecting layer”.
ETICS, have often been used in Europe since the 1970s, both in new buildings and in
retrofitting. The popularity of this technology grew due to its advantages regarding other
techniques of insulation. ETICS guarantees the reduction of the thermal bridges and greater
thermal comfort due to the preservation of interior thermal inertia, providing a finished
appearance similar to the traditional rendering (Tavares, 2020).
The increasing and progressive use of ETICS has also resulted in a significant number of
failure cases. Among these, the main defects found in literature can be classified into four main
types (Tavares, 2020):
- staining/color or texture changes;
- joint defects;
- loss of continuity/integrity defects;
- loss of adhesion defects.
Examples of loss of continuity/integrity are oriented or mapped cracks and defects in corners
that are usually caused by a combination of different causes. Cracks in ETICS are not only a
serious aesthetic defect, they are also a weak point for the entry of rainwater into the facade.
The consequences of the excessive presence of water inside an ETICS system are its accelerated
degradation and a decay in the thermal resistance of the insulating layer. The latter compromises
the performance of the entire system.
Thus, a study on the development of cracks in ETICS coatings is of utmost importance and
understanding the causes may allow for better designed and longer life façades.

2 State of the Art
A research on the most common databases of scientific publications reveals how ETICS have
been studied in relation to some of their characteristics and other performance of the building.
For example, Figure 1 shows a diagram obtained by searching SCOPUS and WebOfScience
for the following research string: (ETICS OR "external thermal insulation composite systems")
AND ("service life" OR durability OR (FEM OR "finite element method") OR crack* or
"mechanical behavior"). This search string allows you to find articles that deal with ETICS and
durability or service life, or ETICS and mechanical behavior, with attention to the occurrence
of cracks.
It can be noted in Figure 1 (the biggest circle in picture) that ETICS have often been studied
in relation to the thermal insulation requirement, which was easily foreseeable. For what is most
relevant to the scope of this research, durability aspects of ETICS have been analyzed mainly
in relation to moisture and, similarly, the keyword “degradation” has been often searched
combined to “mold growth” and “biodegradation” especially on “housing”. Nevertheless, some
studies on cracks on ETICS can be found.
Durability of ETICS has been often associated to degradation of their coating layer due to
mold growth (Kučeriková 2014, Stanaszek-Tomal, 2017). Although, ETICS generally perform
satisfactorily if thoroughly designed and carefully erected, they are not very robust. Even minor
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errors in design techniques and/or craftsmanship can lead to rendering defects (Kvande, 2018).
(Tavares, 2020) after a survey of 378 façade found that stains or aesthetic changes are the
most common anomalies and were identified in practically all claddings. In contrast, anomalies
associated with loss of adhesion were only identified in 10.5% of the sample set.

Figure 1. Network analysis of the keywords ETICS, external thermal insulation composite systems, service life,
durability, FEM, finite element method, cracks, mechanical behavior.

In a survey of the facade defects with ETICS in a cold climate made by visual inspection
(Liisma, 2016) found that most of the ETICS defects were material rupture (51%) and
color/aesthetic defects (40%). Only a small proportion of defects were associated with flatness
(9%).

3 Methods and Tools
The research is divided mainly into two great stages as pictured in Figure 2. The first one is
dedicated to data gathering on both aging agents and materials’ mechanical properties and to
some pre-analysis needed to understand the behavior of the coating layer of ETICS. The second
one is the actual FEM analysis and data post-processing for visualization.
Focusing on the first stage, an investigation of cracks in ETICS, conducted through
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interviews with experts and some analyses of failure cases, has shown that temperature
variations are one of the major stressing agents in this type of degradation. Noteworthy,
researches (Künzel, 1999) prove that during the course of the day the surface of ETICS is
exposed to thermal and hygric variations of up to 40 K and 80% RH.
Accordingly, the climate of some locations was analyzed in order to define the stress
conditions to which the ETICS coat was subjected. In particular, when choosing the locations
to be analyzed, attention was paid not only to the maximum air temperature but also to seasonal
and day/night temperature variations. Eventually, the choice of locations was also influenced
by the spread of ETICS on the market. Once the locations have been selected thermal stresses
on ETICS have been computed using the model WUFI® (Künzel, 1994), which has been
developed at Fraunhofer-IBP in Germany since mid of the 1990ies. In this model the relevant
heat and moisture transport processes within hygroscopic porous media are described by two
partial differential equations which are solved by the help of a finite volume procedure.
DATA GATHERING & PRE-ANALYSIS

FEM-ANALYSIS

Climate data
analysis

WUFI Simulations

Temperature stress

ETICS cracks
investigation

Simplified Model 1D
& 3D simulations

FEM model

ETICS technical data
search
Coating mortar tests

Plane section
analysis

Corner section
analysis

Figure 2. Research schema.

Alongside to the analysis of climate agents, simplified structural models have been created
to better understand the phenomenon of the development of cracks on the external surface of
ETICS. For example, a model was built by modelling the ETICS finishing layer as an elastic
beam resting on a bed of springs whose rigidity is proportional to the compressive strength of
the thermal insulation layer. These first analyses on simplified models have highlighted
fundamental aspects for the prosecution of the research. It has emerged, for example, that in
without imperfections in the installation phase or defects in the material such as the different
thickness of the panels, the only thermal variations are not able to generate tension or
compression stresses inside the coat that can cause the formation of cracks.
In the second stage of the research a nonlinear finite element model has been set-up for the
mechanical analyses of ETICS. The model consists of seven insulating panels arranged in three
rows so as to represent, considering the appropriate symmetries, the planar and central surface
of the facade of a building. The chosen finite elements are of isoparametric kind, threedimensional, with 8 nodes and incompatible shape modes. The total number of finite elements
is about 70000, with about 75000 nodes.
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On the ETICS bottom, i.e. where the system adheres to the supporting wall, fixed boundary
conditions are imposed on surface parts physically glued. Boundary conditions, consistent with
a periodic repetition of insulations panels, are set to the lateral surface.
FEM input is represented by the temperature distribution, along the ETICS thickness,
computed by “WUFI” software in the first stage of the research. Non-linear kinematics has been
adopted to perform the analyses.
Defects that may occur during the installation of the ETICS or imperfection in the thickness
of the panels are modelled by a thickness reduction of the central panel. The onset of the fracture
is checked by a Rankine criterion in the plaster.
In order to complete the finite element analysis and also to investigate particular
configurations of the panels, different types of edge constraints have been imposed. The first
stage of the research showed that in many cases the corners (edges of the facade, corners of
doors and windows, corners in correspondence of balconies and loggias, ...) are places of
frequent development of cracks. Thus, a second finite element model has been created to allow
the analysis of these troublesome point in an ETICS façade.
Eventually, results FEM analyses were combined with some experimental investigation on
the tensile strength of the coating made in the first stage of the research.

4 Results
The main research results are set out in this section. It should be noted that for all finite element
models a double analysis has been made, one in the case of a polystyrene foam (EPS) insulation
panel and another with the insulation panel made of mineral wool (MW).
The 1D preliminary analyses pointed out that a temperature increase cannot be the only cause
of cracks (due to instability) on the base coat. If the coating is undamaged the critical (Eulerian)
stress is 𝜎𝜎𝑐𝑐𝑐𝑐 = 6.1 MPa and the corresponding critical temperature variation is ∆𝑇𝑇𝑐𝑐𝑐𝑐 = 576 K. If
the base coat is already cracked the same variables have the following values, 𝜎𝜎𝑐𝑐𝑐𝑐 = 3.1 MPa,
∆𝑇𝑇𝑐𝑐𝑐𝑐 = 288 K. On the other hand, a temperature drop may cause cracks on the base coat but
only for a material with a medium to high Young modulus.
These preliminary results were confirmed by the 3D FEM analyses where a model made of
seven insulation panel has been investigated using temperature distribution obtained from HMT
analyses using weather data of the city of Milano. Even in FEM analyses, if the model has no
imperfections, i.e. there are no errors in construction or insulation panels have no thick
tolerances, then there are no signs of possible cracks. Otherwise, if errors or imperfection are
modeled with one insulation panel (the central one in this case study) having a different
thickness (1 mm thicker in this case study) then displacements are much bigger, as shown in
Figure 3. Accordingly, in the coat significant stress concentrations at the joints of flanked
insulation panels were found.
Figure 4 shows a comparison between stresses in the z direction, i.e. parallel to the longest
side of the insulation panel, caused by a negative temperature variation may on ETICS made
with two different materials for insulation layer: MS (a) and EPS (b).
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Figure 3. FEM Analysis results for the plane section of the MW ETICS. Displacements in x direction
(thickness) [mm] for a positive temperature variation.

In both cases stresses in the coating layer were below the strength of the material. FEM
analyses confirmed what had been found in the scientific literature and in the investigated fault
cases: cracks on the coat of ETICS will develop if a) the external face of the insulation panels
does not belong to a perfect plane; b) the coat has a high Young (elastic) modulus and c) there
are high temperature variations.
a)

b)

Figure 4. Comparison between mineral wool (a) and EPS (b). Stresses z direction [MPa] for a negative
temperature variation.

In order to simulate the behavior of an ETICS near a corner some FEM analyses on a single
insulation panel with two unconstrained edges have been done. An example of the results of
these analyses is shown in Figure 5. The difference in the thermal expansion coefficient
between the two insulation panel materials led to a huge difference in stresses in the coat layer,
namely in the ETICS made of EPS stresses inside the coat are up to 6 times the stresses in
ETICS made of mineral wool and with the given thermal stresses (city of Milano, medium dark
color coat) are dangerously close to the strength of the coat.
Since the tensile strength of the coating play a crucial role in the development of cracks, 12
coat samples were tested to measure their tensile strength. Six of them were characterized by a
high water content (immersed) and 6 with a standard water content (dry).
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a)

b)

Figure 5. Comparison between mineral wool (a) and EPS (b). Stresses [MPa] when two edges of ETICS are
unconstrained.

Experimental results proved that the average tensile strength applied to obtain a 2% strain
varies significantly comparing the dry samples and the immersed ones with an average 42%
reduction. By combining the results obtained in the two phases of the research, we can say that
high water contents can easily halve the critical thermal variation, i.e. the thermal variation
causing cracks on the ETICS coat. This high reduction is all the more dangerous as the elastic
modulus of the insulating material increases.

5 Discussions and Conclusions
After a deep literature review performed to find the right values of material properties to be
used in FEM simulation and some preliminary simplified analysis made to have a first feeling
of the phenomena, two different kind of models were set up:
- one where ETICS is fully constrained to analyze the behavior of the system far from
any singularity such as windows, doors, corner of buildings, etc…
- one where two side of the ETIC are unconstrained in order to investigate what
happens away from the center of the façade (and of the ETICS)
In both cases thermal stresses were computed starting from a temperature distribution given
by HMT simulations.
FEM simulations using the fully constrained model showed that cracks in the coat layer are
mainly a consequences of steps in two near panels (a small step from one panel to the near one
may be due even to a small tolerance in the thickness of the panel or to defects in the support
layer and it’s always present) and that a coat with high Young modulus suffers more than a
rigid one high temperature variations. Simulations made with the unconstrained model
highlighted that thermal expansion coefficient of the insulation panels and its compressive
strength in the direction perpendicular to the main face are important factors for cracks
development. An insulation panel with a low thermal expansion coefficient behave better in hot
climate, the case studies showed, for example, that ETICS made with mineral wood insulation
have stresses in the coat layer six times lower than the ones made with EPS. Some design
principles can be deduced from FEM simulations:
- (if possible) always try to limit the thermal excursion of the coat layer of the ETICS
using light colors in hot climate (or where there is a high sun radiation);
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-

-

use insulation panels with low tolerance in the thickness (small manufacturing errors)
and fix them on a plaster layer (or be sure to have a very flat surface);
in hot climate (or where there is a high sun radiation) use insulation panels with a low
thermal expansion coefficient and a high compression resistance (in the direction
perpendicular to the main surface);
it is always better to protect ETICS from rainwater because the tensile strength of the
coat decreases significantly in presence of water, thus lowering the threshold
(temperature variation) of cracks.
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Abstract. With the introduction of new building products made of planar glued board lamellas, the
CLT, the restriction of load-bearing structures to linear and thus additively used load-bearing members
was abolished. As a result, new, technically determined boundary conditions for moisture management
in the interior of buildings have arisen. Due to the emergence of massive, planar wall and floor
components as in concrete construction, the integration of building services technology in timber
construction must now take place differently than was traditionally the case. In addition, it can be
observed that the damage to building components is increasing, the detection of moisture damage is
becoming more difficult and, ultimately, the consequences and risks are not yet foreseeable. The study
focuses on the cause-effect relationship of increased water input and uses selected examples to reveal
the problem of moisture exposure in the interior of buildings with planar load-bearing structures, the
damage mechanisms and direct consequences set in motion. This paper shows the necessity for moisture
protection measures in modern timber structures in comparison to traditional ways to construct with
timber. It shows where moisture intake with modern structures must be considered and avoided from
the engineering perspective in order to minimize the risk of moisture damage.
Keywords: Moisture Damage, Mass Timber Construction, CLT, Damage Mechanisms, Durability,
Risk.

1 Introduction
Wood is one of the oldest construction materials in our history. Due to its one-dimensional
growth direction, it is mainly found in one-dimensional, linear components. This fact has
significantly influenced the building with wood in the last centuries. Individual beams were
used for load transfer, which worked alone or in combination with other beams. Only in the last
decades a new building product has arisen by the emergence of the adhesive technology, which
has created the breakthrough into our construction everyday life under the name CLT. In recent
years, CLT has become one of the most popular building products for engineering timber
construction. From today's point of view, its origins go back a very long way. In Central Europe,
the first nailed CLT elements from the beginning of the 20th century are known under the name
of construction method Broda (Kersten, 1926). In 1929 (Pohl, 1934), the Building Research
Institute in Moscow had extensive investigations carried out on cylindrical shells made of nailed
CLT. It was not until many years later (1992) that the company Holzbau Merk, Aichach,
Germany, gained experience in the production of glued, large-format elements from crossed
board lamellas. On this basis, the first general building authority approval (AbZ Z-9.1-354) was
issued in 1998 under the name Merk Dickholz. Since this time, CLT production has shown a
steady increase in production. According to the internet news portal Holzkurier, an annual
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production output of 1.2 million cubic metres of cross-laminated timber is to be achieved in
2020 (Ebner, 2017).
The development of the cross-laminated timber construction product has massively changed
the way walls and floor are designed. The once linear components of timber construction
(beams) are increasingly being replaced by planar components made of cross-laminated timber.
Construction times and construction heights can be reduced by constructing on the plane (see
Figure 1), as the plane that encloses the room is combined with the load-bearing layer. The
closed plane, which is formed by cross-laminated timber, is not only advantageous. If a building
is to be constructed, different types of construction can be used for building floor. From a
structural engineering point of view, the bending stiffness of the type of construction used is
usually decisive, since it characterizes the serviceability limit state. If a 4-metre CLT floor is
compared with a wooden beam floor, it can be seen that the CLT floor requires only 2/3 of the
construction height of the beam floor with the same bending stiffness, cp. Figure 1.

Figure 1. The two main different types of timber floor systems, a CLT plate with 2-axial structural span (left)
and a traditional framed floor of joists with a 1-axial span (right). The installation of water pipes with respect of
the type of construction is shown.

This article is intended to examine the problems of flat components with regard to their
moisture resistance, special damage mechanisms as well as their causes and effects and the risks
of repair, and to point out possible problem solutions and approaches for practical
implementation.
Moisture damage generally poses a major problem in the construction industry and for wood
components made of the renewable building material wood as well as most wood-based
materials. Humidity usually does not destroy the building material suddenly, but slowly and
gradually. What is the reason for this? On the one hand, wood itself has good resistance to shortterm exposure to moisture. If the material can dry off quickly and the water content falls below
18% by mass again, then there are no concerns about durability. Even changing moisture
contents of the material are in themselves harmless, although there are geometric changes in
the cross-section due to shrinkage and swelling during moisture supply or removal. The
geometrical changes are not to be classified as harmful if there are sufficient degrees of freedom
of the component or a subcomponent. This shows examples, like wooden roof shingles from
larch wood, which are to be found for example in the Alpine region frequently. Despite their
constantly changing moisture content and additional exposure to wind and solar radiation, both
of which promote drying, the material has a service life of 30 years or more in this application
field.
In the case of moisture damage in the construction industry, most damage to wood only
comes to light after a long period of time, apart from large and sudden damage events such as
defects in water pipes. This type of defect is either concealed and is not noticed by anyone or
the amount of moisture is small but constant and the damage mechanisms set in motion work
slowly.
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Damage mechanisms in wood and wood-based materials can be divided as follows:
phenomena and damage mechanisms that do not damage the structure, directly damage the
structure and indirectly damage it. Non-structural damaging mechanisms include the formation
of mould on the material or component surface and blue stain fungi. These can be listed,
however, as healthwise precarious and optically aesthetic lacks. The wood-destructive fungi
(brown rot, dry rot) belong to the second damage-mechanism that leads to irreparable structuredamages in the material due to continuous high humidity. The last group of indirect damage
mechanisms is triggered by moisture-dependent shrinkage and swelling and the reduction in
strength due to high moisture. These two characteristics do not initially lead to damage to the
material. However, shrinkage and swelling can lead to cracks in the cross-section along fibres
and cause damage to entire components or adjacent components due to deformation of the
cross-section, as the change in moisture can lead to large forces in the material. This can be
observed in connection with internal stresses or settlement of components, but does not
necessarily lead to damage to the material itself. By reducing the strength due to high humidity,
deformations of the load-bearing component due to forces are possible and thus damage to the
load-bearing or adjacent components is possible. The systematics of the damage mechanisms
and their consequences are described in detail by (Ott et al., 2017) in the report of TallFacades.
The research project focused on moisture damage in the building envelope and the effects of
weather and climate. It was already recognised that there are major risks of moisture damage
inside buildings. The generally applicable damage mechanisms are not discussed in detail, nor
are the direct consequences, since both can be read in the above-mentioned report on
TallFacades. In principle, they also do not change in the event of damage inside buildings. In
this article we get to the bottom of the following questions, following the damage and searching
for the causal chain that leads to damp damage inside the building:
i) Which damage events can be observed inside buildings and how can the indirect
consequences be linked with the overarching consequences of moisture damage?
ii) Which components are affected by moisture impacts and where have the damage
mechanisms affected to what extent over time?
iii) How does the causal chain of damage mechanisms for the specific impact work?
iv) How much water and moisture has affected the wood.
v) Where does the impact (triggering event) come from?
Are there indications somewhere in the causal chain, either in the type of action or in the
damage mechanisms or at the end in the direct and indirect consequences, which in particular
are related to the aforementioned planar CLT structures?
In the discussion and summary, hints are given for the avoidance of impacts, elimination of
damage mechanisms and minimization of consequences for the respective construction method
(planar or linear). In addition, supplementary measures for the protection of the construction
against excessive and continuous exposure to moisture are proposed through regular
monitoring. Their final areas of application and application procedures, the testing and control
of success are described in detail in a further paper.
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2 Methods
2.1 Data
In order to analyse the relationships between the damage mechanisms and impacts, data from
several damage surveys and expert opinions of the last five years are evaluated and compiled
in Table 1. Specific information is taken from the sources in order to identify and further classify
the damage to the construction methods and components.
Table 1. Data from evalutated multi-storey and mid-rise timber buildings.

Building and
use
hotel
school

new office on
top of existing
parking, depot
and heating
plant
daycare for
children

pvinstallation
on tilted roof

i) Construction
type

ii) Structural
part with
damage
flat, 2-axial floor top side CLT
slab
slab

iii) Damage
mechanism

iv) Water
amount

v) Source of
water

top layers
rotten

bathroom,
leaking pipe

flat roof as warm roof
roof, and beam
panelling, on
structure
bottom &
top of beams
extension on RC- insulation
structure flat
inbetween
roof: beam
beams,
flooring with
panelling
timberframed
panels
nail laminated
nail
elements
laminated
floor slabs
and wall
panels (1st
floor and
roof)
beam structure
insulation
inbetween
beams,
panelling

wood panels construction
(OSB), rotten moisture, no
drying

water on floor,
below screed,
not detectable
tight roof top,
vapour tight
interior layer,

wet cellulose
ins., beams,
sills, and
rotten
panelling
swelling of
lamellas of
elements,
damage of
connected
elements
beams wet
and dark
coloured,
wood panels
rotten

construction
moisture, high
convective
moisture input

neighbouring
glass house,
missing vapor
barrier floor and
edges, open
shafts
construction
missing
moisture, rain, protection
high amount
during
construction

rain water and small holes in
convective
roof cladding,
moisture
penetration by
pv-fixation

2.2 Procedure of Case Studies Analysis
The causal chain of the damage event and the damage mechanism, according to (Tietze et al.
2016), is evaluated and structured on the basis of the descriptions from the expert opinions and
their categorization in Table 1. The following procedure is used: the primary influence of water
damage on the position and size of the damage to the component is analyzed by the mutual
investigation of the effect on the component and the damage resulting in the component.
Information is evaluated to answer i) the general question about the occurrence of moisture
damage in multi-story wooden buildings and ii) about the construction method and the affected
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areas in the building components. The respective damage mechanism and the causal chain
leading to the damage are determined in question iii) on the basis of the categorization of the
damage patterns or according to the type of damage to the component. The trigger of too much
moisture in the component is presented in question iv) according to the quantity and duration
of the water impact. Finally, v) investigates the cause of excessive moisture ingress which leads
to corresponding damage.
2.3 Systematization Results Case Studies
The systematization of damage mechanisms and their consequences is described in detail in the
final report of the research project TallFacades (ibd.). The generally valid damage mechanisms
are not discussed in detail, neither are the direct consequences, since both can be read in the
report on TallFacades. In TallFacades the focus of the investigation was on moisture damage
in the building envelope and the effects of the weather as a major cause and it has already been
recognized in TallFacades that there are major risks for moisture damage inside buildings.
These were only cursorily surveyed and the specific damage mechanisms were not dealt with
either. As with the damage in the building envelope, the nature of the specific effects on internal
components and the resulting indirect consequences in the building are explained in more detail.
From this, initial findings on typical damage events will be summarized.

3 Results
3.1. Damage Incidents Inside
The evaluation of the results from the investigated case studies produces the following impact
categories: Category of the size of the moisture input over time and the cause of the moisture
input. The extracted subcategories are further specified in the explanations in the unexpected
events in the interior of the building, mostly of great magnitude, which can be traced back to
technical systems and which are paired with constructive characteristics. The primary damage
mechanism is capillary water absorption. Another mechanism to be observed is the convective
moisture input through unsealed components such as shafts or floor levels between different
areas of use. The diffusive moisture input is hardly relevant. In addition, the loss of insulation
properties and thus a building up effect of the humidity is not to be recognized in the present
cases and unlikely, since the constructions lie predominantly in the interior and insulations are
not necessary. With the few construction elements to the outside climate these are either
completely unsealed or they show holes, which make the penetration of liquid water possible,
which represents an unacceptable deficiency from the outset.
3.2 Construction Status (t=0)
As described in Chapter 1, CLT floors are becoming more and more popular as lower
construction heights are required compared to beam floor with identical bending stiffness.
However, with CLT floors, it is not possible to easily distort installations at the structural level.
These must be installed in separate levels either above or below the CLT floor. This is different
for beam floors, where pipes can also be routed between the beams, see Figure 1.
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3.2 Unplanned Event = Damage (t=1 ... n)
Moisture damage is one of the most frequent types of damage in residential buildings. These
are often caused by leaking pipes or design faults. In beam floor, the escaping water often
migrates through the construction level and escapes at the underside and thus becomes visible
quite quickly. Furthermore, the water inlet and outlet areas of beam floors are usually close to
each other. If water is exposed to a closed surface such as CLT, the water moves to the deepest
point of the structure where it collects, see Figure 2. Since the surface is usually closed and the
water cannot pass unhindered through the construction level, it sometimes remains lying there
for a long time and searches its way downwards along paths that are sometimes difficult to
follow. Thus the place of the moisture entry and the place of the exit may be far apart.
Furthermore, it can take a very long time until such moisture damage is detected. As an example
the CLT floor of a hotel is shown here, where a damaged water connection was not found over
8 years, see Figure 3. From the once 220 mm thick CLT floor 100 mm have been decomposed
by wood-destroying fungi. The floor structures originally did not suggest any damage, as the
top of the floor and the underside of the floor were dry. In addition, the location of the maximum
damage was several meters away from the cause of the damage (leaky water connection). Due
to the very low construction height, the renovation was very costly. Auxiliary steel structures
have to be used to replace the damaged CLT elements with new ones and to support the roof
structure above.
Table 2. Categories of exposure and related reasons.

Scale & Time category
large & suddenly
small & long-term
(water source related)

small & long-term
(construction technology
related)

Reason
pipe burst, household
applicance burst, sprinkler
pipe and fitting leakage, pipe
connections
complex and integrated
installations
type of structures in mid-rise
housing
ducts crossing different units
without necessary barriers (air
stops)
type of indoor climate
conditions

Explanation
(unexpected event)
material damage, (quality
management)
water leakage not detectable,
continuous water supply (leakage)
large areas with flat slabs, thick
slab dimensions, seldom beam
structures
missing awareness & planning,
expensive task, complex on-site
work, no quality management,
difficult maintenance
warm, humid, no or limited airflow, no dry-out capacity

4 Discussion
4.1 Construction Technology Overview
The danger of moisture damage occurs wherever liquids are transported through pipe systems.
Therefore, it is important to consider how structural measures can look like in order to avoid
moisture damage as far as possible or to detect it as early as possible. If possible, pipes should
be routed in such a way that they can be inspected. In addition, particularly vulnerable areas of
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buildings such as wet rooms (bathrooms, toilets, washrooms, kitchens) should have special
sealing systems that draw the user's attention to moisture damage and, for example, have
overflows.
4.2 Outlook Repair (t=m)
If damage to the load-bearing structure is known, it must be repaired. In the case of the beam
floor, the repair of damaged beams is relatively simple. In the simplest case, the damaged beams
can be removed and replaced. Alternatively there are possibilities of lateral reinforcement by
additional beams, construction materials or steel. As there is still space between the beams, this
can be used for repair purposes. This is different for CLT constructions. Since the construction
space is already completely occupied, CLT cannot simply be renovated or reinforced on the
existing level. If a CLT floor cannot simply be replaced, complex constructions are often
required to carry out the renovation. This is also reflected in the repair costs.

Figure 2. Timber floor systems 2-axial (left column) versus 1-axial during assembly t = 0, t = 1 …n with
moisture intake and finally t = m with possible repair scenarios.

4.3 Outlook Monitoring
Since moisture leads to large damages in floor systems as discussed above, it is possible to set
up appropriate monitoring systems. These can, for example, record the amount of water fed into
and discharged from a building or room and issue a warning if the difference is too large. On
the other hand, humidity sensors can also be installed directly at critical points. These humidity
sensors would be particularly suitable for CLT floors, where water can wander along and is only
discovered very late. This can be done by sensors placed close to the surface or in the wood.
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5 Conclusion
The conclusions can be summarized as follows:
- Moisture damage with related wood decay inside buildings is a relevant problem,
- Such damages are difficult to detect because the damage mechanisms are acting slowly,
- Massive, planar structural components are particularly affected by slow decay mechanisms,
- Wood decay effects are mainly occurring due to defective water pipes on top of the floor.
In principle, the earlier an unexpected moisture penetration in timber constructions is
detected, the smaller the damage and the lower the cost of restoration measures

Figure 3. Pictures of damaged CLT slab and wall elements in hotel room.
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Abstract. The durability of materials used in buildings has been widely studied and, in many cases,
there are standards to assess it. However, studies on how pathologies affect the durability and comfort
of the building users are not so common. The aim of this article is to explain different pathologies of the
building envelope, considering glass as its main element and to analyze the causes of those pathologies,
agents involved, and how they have affected durability. For that purpose, different cases of pathologies
were analyzed on-site, both during the construction process and during the final use of the building. The
effects of the different pathologies were also assessed. In each case, the technical data sheets available
of the materials involved and the information on the design and the expected performance of the
constructive solution were compiled. In some cases, the pathologies had caused an irreversible damage,
so, the solution had to be drastic; while in other cases, they were detected early enough to propose
remedial actions without affecting the final durability of the building. After having analyzed the different
cases, the agents causing the pathology or those responsible for it and the phase in which the pathology
occurred were identified. As a result, remedial actions were proposed to avoid the generation of
pathologies during the design, construction and maintenance processes that affect the durability of the
building and their user’s comfort.
Keywords: Glass, Pathology, Sealant, Coating, Durability.

1 Introduction
Since the industrial breakthroughs that allowed massive, high-quality production of glass for
building in the 1960s, large glazed buildings have proliferated and along with them their
associated pathologies. Additionally, the improvement of thermal performance of insulated
glass units (from now on IGU) due to the importance of energy efficiency have resulted in
premature failures in several cases (Hubbs et al., 2015). Accordingly, studies on failure cases
have also increased in the literature in order to understand the reasons and effects of glass
failures (Honfi et al., 2014; Loughran, 2003).
The pathologies of a glazed envelope may be of different natures. Glass breakage is one of
the most known failure and have been widely studied using qualitative and quantitative methods
(Overend et al., 2007). However, there are other pathologies (such as sealing failure, yellowness
or delamination) that have a direct impact on the durability of the building, since they affect the
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functionality of the building and/or the comfort of the users. It should be borne in mind that the
pathologies in this building element usually have the added complexity that the number of
materials and elements that form the envelope solution are many and of a very different nature
and function.
The pathologies of a glass building envelope can occur due to the following causes: chemical
incompatibility, manufacturing failure/error or because of a product is not suitable for its
intended use.
In a building envelope there are a lot of different organic materials and it is complicated to
verify the chemical compatibility between all of them. In extreme cases it is not even necessary
that both materials are in physical contact for a failure to occur.
Manufacturing failures, such an incorrect choice of materials or unsuitable manufacturing
times and conditions, may also create pathologies. They are common in innovative and unique
products or solutions as there is no previous experience.
Finally, an unsuitable glass product can also cause pathologies. The product is correctly
manufactured, but its intended use has not been taken into account and this leads to a pathology,
i.e. not all glass products can be used in all situations. For example, the building envelope may
be subject to adverse environmental conditions that were not considered at the design stage.
Therefore, a pathology can occur in any of the following stages of the building work: design,
manufacturing, assembling, on-site execution and while it is in service. In this article, we will
only focus on the failure mechanisms that appears in the service period. All these failures have
a direct impact on the durability of the building envelope. On the one hand, directly on the
durability of the materials and on the other hand, indirectly on the durability of the building
since the thermal, acoustic and optical performance are affected.
In the following sections we will give notions and analyze each of them deeper through real
case studies.

2 Sealing Failure
In this first case study, degradation in the form of a slump of one or both sealing barriers of a
IGU is noted (Figure 1). This pathology occurs in an office building with a large glazed surface
that is two years old. The construction of all the glazing in the building is unique, large-format
double insulating glass units filled with argon gas formed both externally and internally by
laminated glass.

Figure 1. Sealant flowing (left) and test specimen for the chemical incompatibility test (right).
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Degradation is detected in discrete areas of some of the IGUs. The concern with this
pathology is firstly, the possible detachment of the outer sheet and its subsequent fall and
secondly, if the property of thermal insulation is still preserved.
2.1 On-Site Inspection
When analyzing the units with pathology and their situation in the building, no pattern was
detected due to their location in areas most exposed to solar radiation and therefore to a higher
temperature. No water leakage was detected in the building envelope, i.e. the drainage system
of the curtain wall seemed to be working correctly. All the glass units were exposed to
equivalent UV radiation except for the differences due to the orientation of the building,
however, no pattern showed that the failure was due to the orientation, height or degrees of
exposure of those units and the pathology only appeared in some of them. Therefore, the
influence of the environmental conditions such as temperature, humidity and radiation was
dismissed early in the on-site inspection process.
When degradation of a sealant is observed, it is necessary to analyze which agents may be
producing that degradation. Several IGUs were dismantled from the building and sent to the
laboratory for a deep analysis, as only the on-site inspection couldn´t lead to a clear conclusion.
2.2 Laboratory Analysis
Once the samples were received in the laboratory, one of them was disassembled. Both sheets
of glass were separated, and it was verified that the sealant was the one attacked. In this case,
the degraded sealant was that of the first sealing barrier.
After this, all the polymeric products contained in the curtain wall were identified and
gathered, such as sealants, adhesives, gaskets, supporting blocks... regardless of being in direct
contact with each other or not. After this, sets of specimens containing adjacent materials were
subjected to a chemical compatibility test using the UV method in accordance with section 7 of
EN 15434:2007+A1:2010 Glass in building - Product standard for structural and/or ultra-violet
resistant sealant (for use with structural sealant glazing and/or IGUs with exposed seals).
For performing the ageing, a laboratory weathering instrument ATLAS weather-ometer
model Ci3000+ was used. The test specimens (Figure 1) were prepared with each two of the
materials under study and they were exposed to UV solar radiation (by xenon lamps) for 504
hours and at 60 ºC temperature. After this UV exposure a peeling test was performed by means
of strips of cloth or with cuts. A positive result in the test means that no visual discoloration
appears and that no adhesive breakage occurs during the peeling tests.
After completing the compatibility test on the different combinations of adjacent materials,
it was verified that the inner sealing barrier and the weathertightness gasket were highly
incompatible.
Additionally, to this analysis, the building owner has made several measurements of the
argon gas content of the glazing units, regardless degradation was present or not. Those
measurements did not register a significant gas leakage on the units and a total detachment of
the external glass pane has been dismissed up to now. The owner is performing regular controls
to check the evolution of the pathology.
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3 Luminous Transmittance Variation
The pathology studied in this second case occurred on two floors of a building that had not yet
been occupied. There was no furniture or equipment that could alter human visual perception
in any of the floors. However, a difference was noted by the owners in the perceived luminous
radiation coming to the inside in each of the floors.
It was an office building with several floors where refurbishment was planned to be
performed floor by floor. Refurbishment was integral, so affecting to the change of building
envelope and interior furniture or equipment.
Refurbishment of the initial floor consisted in changing the carpentry and glazing of the
complete envelope and after finishing there, works started in a new floor non adjacent to that
first one.
First step of the pathology evaluation consisted in studying the type of glazing requested and
checking delivery notes for the glazing of both floors. After that, an on-site visual inspection
was carried out for a first approach. It was not so easy to visually quantify the difference in
visual perception of the solar radiation, due to the great height gap between floors. This height
gap means that shading due to adjacent buildings differs significantly and the influence on each
floor is hard to quantify.
Therefore, the decision to remove two glazing units, one per each floor, and to measure their
luminous and solar characteristics in the laboratory, was taken. IGUs were completely
dismantled and luminous and solar transmittance and reflectance of all glazing panes were
measured, in order to check whether those two glazing units were identical.
The IGU was composed by a laminated glazing (two annealed glass panes) on one side and
a thermally toughened coated glass on the other side. For performing such measurements, a
spectrophotometer UV-Vis-NIR Lambda 900 with a 150 mm integrating sphere was used.
As the laminated glass units were composed by annealed glass panes, they were cut into 100
mm x100 mm test specimens and transmittance and reflectance were measured from 280 to
2500 nm (Figure 2). In the case of thermally toughened coated glass though, it was not possible
to prepare such test specimens and measurements were made with the equipment fully opened
and the surrounding of the lab prepared to avoid external radiation getting inside.
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Figure 2. Transmittance and reflectance spectra of the coated glass.

886

Susana Santamaria-Fernandez, Arritokieta Eizaguirre-Iribar and Xabier Olano-Azkune

After finishing the lab measurements, we noticed that laminated glass panes for both glazing
units were the same but coated glass panes were not identical. Even though they were similar,
differences were enough to be perceived by the human eye.
Considering manufacturing tolerances in the luminous/solar transmittance and/or
reflectance, it could be concluded that both coated glass panes were not the same product.
Glass coatings are metallic oxides depositions that affect to the luminous, thermal or solar
properties of the glass panes. Some coatings do not bear the thermal toughening process, so
coatings are usually designed to provide similar properties, both for a toughened and a nontoughened version.
With the described measurements and collaboration from the manufacturer, we reached the
conclusion that there was a manufacturing error, meaning that a coating not designed for the
thermal toughening process, had been tempered by mistake.

4 Yellowness and Delamination
Pathologies are different for the sandwich products composed of glass and materials of different
nature. An on-site inspection of the building of the third case showed colour change in glass
products. Detachment of the exterior glass sheet was also detected in some cases. The inspection
revealed that two types of glass solution with a similar external appearance had been used, one
placed on the façade and the other on a sloping roof.
This case study refers to a semi-public building that has been in use for more than 10 years.
For the study of pathologies, several affected units were disassembled and sent to the laboratory,
along with stocked glass that had not been in use.
One of the solutions was a laminated glass unit consisting of an outer glass pane, an adhesive
of an unknown nature, a marble pane, another adhesive similar to the previous one and an inner
glass pane. The second solution was more complex and was composed of an exterior glass pane
adhered to a pane of marble, which was in turn glued to an aluminium honeycomb panel.
Since the conditions of temperature and water presence are usually very different on the
façade and the roof, it was concluded that ultraviolet radiation had been the main agent
responsible for degradation. Nevertheless, the other agents ‒temperature and water in this case‒
had also played their role.
The durability of the material was evaluated by exposing two samples to ultraviolet
radiation: a glass-marble-glass composition piece without defects and a glass-marblehoneycomb composition piece with colour degradation. Half of each piece was covered to avoid
the degradation of that area. The test was carried out according to the procedure described in
method A of section 7 of the standard EN ISO 12543-4:2011 Glass in building. Laminated glass
and laminated safety glass. Part 4: Test methods for durability.
The test consisted in subjecting part of each panel to 2,000 hours of radiation. For this
purpose, the panels were placed at 1,100 mm from 16 OSRAM ULTRAVITALUX lamps that
formed an area of 1 m x 1 m. The radiation level on the panels was (900 ± 100) W/m2. The
radiation source used emits a spectrum similar to solar radiation and its spectral characteristics
are as follows: UVB (280 - 315 nm) 3% ± 1%; UVA (315 - 380 nm) 8% ± 1%; Visible light
(380 - 780 nm) 18% ± 1%; IRA (780 - 1400 nm) 24% ± 2%; IRB (1400 - 2600 nm) 27% ± 4%;
and IRC (> 2600 nm) 20% ± 3%.
Three different areas of the exposed zone of each panel were selected and three luminous
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reflectance measurements were made in each of them before and after the ageing. The luminous
reflectance spectrum between 360 nm and 740 nm was measured using Minolta model
CM2600d spectrocolorimeter in incidence d/8º. The colour coordinates L* a* b* for the
observer at 10º and the illuminant D65 were calculated from the reflectance spectrum according
to CIE76. Afterwards, the L* a* b* average colour coordinates of each area were determined
and the ∆E*ab colour difference between the initial and final situation was calculated. The
panels were also inspected for additional failures.
After 2,000 hours of exposure to simulated solar radiation, a considerable change in colour
was observed between the exposed and unexposed areas of both panels (Figure 3). In the case
of the glass-marble-glass composition, the difference in colour in the three selected areas before
and after aging was less than 2.3 and in the case of the glass-marble-honeycomb composition
the difference was greater than 2.3.

Figure 3. Exposed area of the panel (left) and unexposed area of the panel (right).

There is no requirement as to allowable colour difference after ultraviolet exposure for these
innovative solutions. However, according to Sharma (2003) a colour difference ∆E*ab of
approximately 2.3 is considered just noticeable difference. Therefore, in the case of the glassmarble-honeycomb composition the differences are clearly noticeable.
At the same time, the nature of the adhesives was analyzed by comparing the infrared spectra
obtained by a Nicolet iS10 with the iD7 ATR accessory. Spectrum analysis was performed in
transmittance mode, with 16 scans. Additionally, a thermogravimetric analysis was performed
with a TG-DTA92 thermobalance in order to check the proportion of the different components.
It is concluded that the nature of all adhesives used between glass and marble is the same
regardless of the composition of the panel.
During the inspection of the building it was observed that the roof area was more degraded
than the façade area. Even so, it is proved that in both cases the solution chosen was not suitable
for the intended use. In order to avoid this pathology that directly affects durability, the
suitability of both solutions should have been verified in the design implementation phase,
considering the environmental conditions to which they would be exposed.

5 Interlayer Failures
In line with the latter case, bubbles, cloudiness, delamination or colour variations can be
appeared in laminated glass compositions. The compositions of glass-glass with some other
material embedded in the organic interlayer that joints both glasses are especially prone to
failure. Therefore, those compositions are cases to be studied. In this regard, there are examples
of the ageing behaviour of interlayer in the literature (Weller et al., 2011).
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The study of these kind of products should be carried out in the design implementation phase
in order to validate the durability of the final product before being installed on site.
The procedures of the EN ISO 12543-4:2011 standard are used as a basis to assess the
durability of this type of unique solution. This standard contemplates three possible exposures
to attacks (high temperature, humidity and ultraviolet radiation) to which the laminated glass
product must not present defects or must not vary its luminous transmittance.
5.1 High Temperature
In the case of high temperature exposure, test specimens are subjected to 100°C in an oven for
16 hours or by immersion in boiling water for 2 hours. In this way, it is checked whether the air
between the two glasses was completely eliminated during the lamination process. It is not easy
to eliminate this residual air when a metallic or plastic mesh type element is included in the
interlayer and depending on its nature.
When this laminated glass is subjected to high temperatures, bubbles may appear in the mesh
area. Different tests were carried out with different interlayers and it is easier to laminate this
type of material with polyvinyl butyral intercalary. However, on certain occasions this type of
interlayer is not suitable as it does not comply with certain mechanical aspects of the project
and both the mechanical requirement and the durability must be assessed as a whole.
5.2 Humidity
In the case of exposure to moisture, the nature of the interlayers is decisive for studying the
durability of the final product. Polyvinyl butyral and ionomer interlayers usually perform well
in the presence of moisture, although this is not the case with liquid water. In the case of ethyl
vinyl acetate interlayers, the humidity penetrates through the perimeter if this is not protected
and, consequently, the interlayer become cloudier in the edges. If that laminated glass is no
longer exposed to moisture, it migrates back to the outside and the laminated glass recovers its
transparent appearance.
If there are embedded materials, special care must be taken if they reach the edge and how
they react to moisture. The most obvious case is when the material placed between the two
glasses is hygroscopic, since if the perimeter is not protected the moisture can migrate to the
interior and produce a pathology that leads to lack of adhesion between materials, for example
between marble and glass.
5.3 UV Exposure
The third attack on laminated glass to verify its durability refers to the ultraviolet exposure for
2,000 hours, after which the variation in luminous transmittance of the test specimens is limited.
In this test, defects relating to delamination or bubbles do not usually occur, but the requirement
for variation in luminous transmittance may not be met. The durability of laminated glass can
also be verified by other standards, but the basis in all is similar. In the case of ANSI Z97.12015, for example, in addition to limiting the variation in luminous transmittance, the variation
in yellowing index, the haze variation and the colour difference is also limited.
If there are additional embedded elements in the laminated glass, it must also be checked
that there are no defects in that embedded material or in the interlayer, as it may happen that
the two materials work well separately but not together.
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Therefore, it is advisable to determine the variation of luminous reflectance or the variation
of the colour coordinates of that embedded material ‒although the regulations do not
contemplate it‒ in order to fully assess the degradation that the laminated glass is going to
suffer.

6

Conclusions
-

-

-

The pathologies of the glass building envelope may be different in nature and due to
different causes, but they can be summed up in three main groups: chemical
incompatibility, manufacturing failure/error or because of a product is not suitable for
its intended use.
After having analyzed the different cases, the design phase has been identified as the
main stage of the building work in which the pathology could be avoided, followed by
the product manufacturing phase. Accordingly, architects/project management or
product manufacturers are the main agents causing the future pathology or those
responsible for it. It should be added that a wrong assembly does not usually generate a
pathology but contributes to its manifestation.
As a result, two main remedial actions that can be implemented during the design,
construction or maintenance processes are proposed to avoid the generation of
pathologies that affect the durability of the building and their user’s comfort. On the one
hand, testing the selected products taking into account their intended use is the way to
avoid failures before the construction of the building envelop. Most of the pathologies
of the glass building envelope can be avoided if the durability of the chosen solution is
verified during the design phase, considering the type of use and exposure to which the
element will be placed. These previous checks are of particular interest in innovative or
unique products or solutions, such as laminated glass products with organic interlayers.
On the other hand, factory production controls became essential to avoid failures/errors
that can occur in the product manufacturing stage.
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Abstract. Resilient flooring is a popular choice in healthcare facilities, given its durability, comfort,
low maintenance and cost. However, anomalies that occur in vinyl and linoleum floorings (VLF) often
do not fulfil the expectations of a flooring with good performance and durability. In fact, studies show
that pathological phenomena in VLF occur more often in the first years in service, indicating a probable
connection with the design and execution stages. These stages are crucial to the quality of VLF, since, if
not given adequate attention, pathological symptoms are likely to increase, hence decreasing service life.
The authors developed an inspection, diagnosis and rehabilitation system for VLF in healthcare facilities,
including: the classification of anomalies, their probable causes, in situ diagnosis methods and repair
techniques; anomalies - causes, inter-anomalies, anomalies - diagnosis methods, and anomalies - repair
techniques correlation matrices. The same system was validated through the visual inspection of 101 compartments in six health infrastructures in Lisbon, Portugal, and the respective descriptive statistics analysis of the collected data. That analysis showed, for instance, that the summed contribution of “design
errors” and “execution errors” to “faulty welding joints” was 59%. Making an effort to change the
situation diagnosed in the mentioned inspection sample, some design and application stages’ recommendations are highlighted, according to the main sensitive issues of the flooring system during its
service life. The sensitiveness of VLF highlights the importance of a suitable maintenance plan to minimise susceptibility to various degradation mechanisms.
Keywords: Building Pathology, Design and Execution Recommendations, Healthcare Infrastructures,
Inspection System, Vinyl and Linoleum Floorings, Maintenance.

1 Introduction
Apart from their durability, comfort, low maintenance and cost, vinyl and linoleum floorings (VLF)
have ideal properties for health infrastructures, such as static control, slip resistance and antibacterial characteristics. However, without adequate maintenance of VLF, these properties can lose their
effectiveness and anomalies may appear, hence decreasing performance levels and life expectancy.
With the recent rise of awareness towards decreasing the ecological footprint of the construction
sector, recycling and using more environmental-friendly products have increased. In this context,
considering life-cycle assessments, the expectation of extending the service life of the building elements brings new attention to maintenance programs (Ayçam et al., 2017; Harris and Fitzgerald,
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2013). To avoid the development of pathological phenomena in VLF, an adequate maintenance
program must be implemented from the beginning of their life-cycle, even before the application
of the flooring. Therefore, it is of high importance to study the durability of VLF in sets of buildings
in various locations, subject to different actions, in order to understand the pathology according to
the characteristics of VLF. Inspections can be systematised and should be included in a maintenance
plan, to prevent degradation of the flooring and its substrate.
Regarding the health sector, several studies emphasise the importance of adequate maintenance, in order to prevent hospital-acquired infections (Brito, 2017; Carling et al., 2010; Harris
et al., 2010; Harris and Detke, 2013; Harris, 2017). However, apart from maintenance manuals,
there is hardly any literature regarding the maintenance of VLF.
An inspection, diagnosis and rehabilitation system for VLF in healthcare facilities (Carvalho et
al., 2018) was developed, including: the classification of anomalies, their probable causes, in situ
diagnosis methods and repair techniques; anomalies - causes, inter-anomalies, anomalies - diagnosis methods, and anomalies - repair techniques correlation matrices. This system was validated
through the visual inspection of 101 compartments in six health infrastructures in Lisbon, Portugal,
and the collected data were analysed with descriptive statistics (Carvalho et al., 2019).
The purpose of this paper is to gather the maximum of information available on “Maintenance
Recommendations Guides” from several manufacturers, supporting the presented information with
the statistical data acquired during the inspection and validation campaign of Carvalho et al. (2018,
2019). Regarding the design and execution stages of VLF, a complete analysis can be found in
Carvalho et al. (2018, 2019).

2 Installation
Regarding the installation of VLF, the instructions given by the manufacturer must be strictly
followed. However, there are some general preliminary actions that are necessary (Armstrong,
2019; Construction, 2013; Ovation, 2013; Polyflor, 2019; Tarkett, 2012), such as: (i) the materials must be kept in the room where they will be installed for at least 24 hours before application, at room temperature, to adapt to the ambient conditions; (ii) the layout should be designed
for the lowest number of joints; (iii) the substrate must be dry, clean and level; (iv) if not level,
a levelling screed must be applied; (v) before installation, the flooring must be unrolled, measured and pre-cut according to the areas to be coated to minimise waste; (vi) when cutting the
material, extra 15-20 cm must be considered, depending on the length; (vii) after the installation
of the flooring with adhesives, it will require a drying period, so it should not be walked on,
washed or scrubbed within this period.
The preparation of the substrate is the same for vinyl and linoleum, whereas the application
varies according to the type of adhesive and drying period. As for the preparation of the substrate,
a 10 cm thick screed is usually applied. However, in rehabilitation works, due to ceiling height
limitations, it is not always possible to ensure the minimum screed thickness. In such cases, a glassfibre reinforced screed should be used. Also, on ground floors, a vapour barrier should be applied
over the screed.
A levelling compound should be applied over the screed in two cross coats. Silica sand may
be added to the second coat to improve adhesion. After drying, any loose sand is vacuumed, the
floor is buffed and any dust is cleaned. Next, the coves, with varying heights, usually around
10 cm, are placed on the wall with contact glue. After drying, the pre-cut rolls are placed aligned
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on the floor. The roll is folded in half and the adhesive is carefully applied on the floor (Figure
1a), with a specific comb, and on the coves, with a brush (Figure 1b). To avoid adhesive excess,
it must be well spread. The drying period varies and depends on the weather, as humidity will
delay drying. After drying, half the roll is placed on the adhesive and the press roller is used.
In order to be well laid, the VLF must be heated, to become flexible and follow the curve of the
cove, and then compressed, to ensure adhesion. Therefore, a welding machine is used, without the
welding tool, to make the vinyl more ductile (Figure 1c). If this step is skipped, detachment of the
coving may occur. In the corners, 45º cuts must be made (Figure 1d) using a utility knife, which is
also used to make straight cuts in vinyl. The curved-tip knife (banana knife) is used to remove
excess vinyl on the cove, before fitting it to the upper housing.
Before welding the joints, a half-moon shaped tool is used to create the necessary spacing to
place the string. The welding string is then applied using a welding machine or a robot. After the
string has cooled, the excess must be removed either by using two tools separately (Figures 1e) or
one tool, with a single cut. Then, a transition profile, made of PVC or aluminium, should be placed
at each room entrance to ensure a smooth transition between different floorings of similar thickness.
Optionally, a silicone string may be applied in the joint between the coving and the wall, to minimise the risk of possible water ingress.
a

b

c

d

e

Figure 1. Installation of vinyl flooring: a) application of adhesive on the floor; b) application of adhesive on the
footers; c) heating of the flooring; d) corner detail; e) removal of the string excess.

3 Maintenance
Floorings are selected for many reasons including colour, design and sometimes special properties,
such as static control or slip resistance. Without regular maintenance, dust and soiling build up
quickly, changing aesthetic properties and making special features practically useless. Moreover,
dirt and soiling usually harbour bacteria, making the flooring a health hazard. Also, dust and grit
underfoot can act as an abrasive, which, if left uncontrolled, will shorten the service life of the
flooring, causing premature replacement.
Regular and well-planned maintenance keeps the flooring in pristine condition and can enhance
its original appearance. It can also reduce wear and ultimately prolong the service life of the flooring. Adequate maintenance (daily/regular and periodic) may lead to high costs in the long run, but
the lack of adequate maintenance means higher costs in the future with localised or total replacements. By defining a maintenance programme, real savings can be made without compromising
appearance, hygiene and cleanliness requirements.
3.1 Factor Points to Consider
Before establishing a maintenance programme, some variables should be considered, as they affect
the method, frequency and hence the cost of maintenance. So, the floor location, type and volume
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of traffic, and the existence of dirt barriers should be taken into account. The location of the flooring
in the building is one of the main factors, since entrance and reception areas will require more intensive and frequent cleaning than upper floors or low traffic corridors. The types of traffic, density
and frequency in the given location also play an important part, since the density of traffic and type
of footwear used in common corridors differs from the ones in operation rooms. The expectation of
the client for a given location also plays an important part. If a high level of hygiene is required,
like in the health department, the maintenance regime must be able to provide it. Finally, the type
of cleaning equipment conditions the programme, since manual methods may be time-consuming
in large areas and incompatible with the periodicity requirement. However, large machines used in
confined spaces can take longer than manual methods (Polyflor, 2019). Additionally, the colour of
the flooring is important, since, in general, light colours show soiling more easily and need more
frequent cleaning, whereas dark colours more easily show loss of gloss.
3.1.1 Assessing the location
The first part of the maintenance programme process is to break down areas to be cleaned into a
series of independent locations. Then, each one should be assessed before a particular maintenance
strategy is employed to provide a clear indication as to where the effort and therefore the cost should
be applied best.
The assessment should establish the following: type of cleaning; frequency of cleaning; cleaning
products and equipment; the level of labour required; and time to be allocated. It is of high importance to regularly assess the different locations and be flexible about the planned maintenance.
If the floor in a particular place needs more attention, then it must be ensured that it is addressed as
soon as possible. On the other hand, if some areas seem over-maintained (e.g. with polish build-up
in the non-walked on areas), then the maintenance level should be adjusted, but the situation must
always be monitored to ensure it remains within control.
According to Carvalho et al. (2019), anomalies “staining/dirt/colour changes” and “brightness
changes” resulted exclusively from causes in groups “environmental actions” and “maintenance
errors”, the latter represented only by “insufficient/incorrect cleaning of the flooring”. In both
“staining/dirt/colour changes” and “brightness changes”, the predominant environmental causes
were “biological action/chemically aggressive agents” (50% and 94%, respectively). Such frequencies were expected, as the use of inappropriate cleansers or spilling of aggressive substances,
such as antiseptic drugs, causes blemishes, changes in brightness, or indelible stains.
3.1.2 Dirt barrier systems
The dirt barrier systems (DBS) play an essential role in VLF maintenance, as most dirt, grit and
moisture are carried into a building by users. By reducing the amount of these elements that are
brought in, not only would this cut the cost of its removal, but it would also cause less abrasive
action on the flooring. Also, with less moisture, there would be less potential for slipping. An effective “passive” DBS has both scraping and absorbing qualities and is sufficiently large to perform
these actions on both feet during normal walking (Polyflor, 2019).
An exterior and an interior mat should compose the DBS. The exterior scraper mat should
be at least two paces long, set into a mat well and have enough height to allow grit to fall below.
Inside the building, an interior grade combination of scraper and moisture mat of two to three
metres long should be installed, as it removes most moisture and any fine abrasive particles.
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However, to keep the effectiveness of DBS, they must also have adequate maintenance and be
cleaned regularly; otherwise, they can increase the soil intake by creating a “soil reservoir” at
the entrance of the building.
It is highly important to invest in high-quality floor mats for an extra layer of protection. The
mats should be placed at entrances and exits to collect and trap corrosive substances that can be
tracked in, such as dirt, sand, oil, grit, asphalt, among others.
3.2 Types of Maintenance
The best way to maintain the product characteristics for long-term use is to perform regular cleaning
and proper maintenance. In this context, two factors contribute to the decrease of a VLF life-cycle:
the lack of maintenance or an inadequate one. The first scenario includes the permanent accumulation of dust, loose dirt and other corrosive materials (such as hand disinfectant). The second scenario
includes the use of aggressive cleaning agents, which remove the superficial protection barrier of
these floorings, or excessive waxing.
According to Harris (2017), the most common resilient floorings used in patient rooms are rubber, linoleum and vinyl roll and tiles. Tiled vinyl is considered to be the most durable and costeffective at initial costs, though it requires continuous maintenance at high long-term costs. As for
vinyl roll, it is less stable and durable than tiles, but its welding joint mitigates the risk of contamination of the bedding layer. Finally, linoleum derives from natural resources, having antistatic and
antimicrobial constituents. However, it is susceptible to water damage, usually requiring a surface
protector that inhibits antimicrobial properties.
Before the flooring installation, the site must be adequately cleaned, otherwise some anomalies
may arise immediately. Therefore, all loose dirt, dust and grit must be removed by mopping, sweeping or vacuuming. Also, all traces of adhesive on the surface of the flooring must be removed.
Harris and Fitzgerald (2015) identify the procedures for adequate maintenance of resilient floorings exposed to heavy traffic in healthcare facilities. Daily cleaning should be performed with a dry
and wet mop; weekly, localised cleaning; quarterly, scrubbing and polishing cleaning; and semiannually a surface protector should be applied.
According to Carvalho et al. (2019), anomalies “scratches/wear”, “staining/dirt/colour changes”
and “faulty welding joints” occurred in more than half of the inspected floorings. The most frequent
anomaly was “scratches/wear”, which was expected considering how easy it is to scratch a VLF
(Douglas, 2011), since careless dragging of equipment is enough to leave a scratch, and the wheels
of most trolleys have inadequate or worn-out material. The second most frequent anomaly is “faulty
welding joint”. The absence or deficiency of the welding joint, allied with inadequate cleaning,
creates a singularity where water may enter, triggering detachment of the flooring. This shows the
importance of timely maintenance interventions at welding joints to guarantee the expected service
life of the VLF. In general, dirt can be eliminated by cleaning, whereas for indelible stains and
colour changes in linoleum floorings, they can only be removed by stripping. In vinyl or recent
linoleum floorings, they can be removed by polishing. In these cases, the VLF is only replaced
when the affected area is of exceptional aesthetic value.
As for the location of anomalies, in some situations, a specific type of anomaly is predominant.
For example, anomaly “scratches/wear” is often seen in poorly executed transition areas or at the
rooms’ entrance (Figure 3a and b). It is also the case of anomaly “brightness changes”, which often
occurs immediately below the alcohol-based disinfectant dispensers (Figure 3c).
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According to Carvalho et al. (2019), there are some repair techniques that should be adopted in
the maintenance program, according to the different types of anomalies detected in the regular flooring inspections. For example, the application of a surface protector is a technique widely used for
scratches/wear, staining/dirt/colour changes and brightness changes, to reduce its aesthetic impact
by smoothing the surface. When scratches exist, partial or total replacement of the flooring should
only take place when the area has a high aesthetic value. Stripping is a technique exclusively used
in linoleum floorings, being less associated with stains than with brightness changes. In some cases,
the floorings are cleaned and waxed regularly, but stripping is only partial and not in the required
timings, often resulting in alternated areas with different wax thicknesses, as seen in Figure 3d.

Figure 2. Anomalies: (a) scratches; (b) wear; (c) brightness changes; (d) brightness changes on a linoleum flooring due to inadequate maintenance.

Anomaly prickles/punctures was only not associated with repair techniques “glue injection” and
“repair of anomalies in footers”. The application of the repair techniques depends on the area
affected by the anomaly. For small areas, cleaning and applying a sealant or a welding string is
sufficient. For linoleum floorings, they can be stripped, or the punctures can be covered with a
mixture of white glue and linoleum scraps.
3.2.1 Routine/regular/daily maintenance
The following recommendations are provided as guidelines. However, the periodicity of each operation depends on the amount and type of traffic, the provision of adequate DBS and the maintenance equipment available.
For daily vinyl cleaning, the flooring should be mopped, swept or vacuumed to remove dust
and loose dirt. Stains can be easily removed with detergent and subsequently rinsed. If required,
to remove persistent black marks, the floor may be damp mopped with a neutral cleanser—the
label must always be read to ascertain suitability, and the manufacturer’s instructions for application must be followed. It is highly important that the flooring is washed with nonabrasive
cleaners. When rinsed, the floor must be allowed to dry. All smooth floorings can be slippery
when wet. If necessary, the floor may be buffed with a dry soft mop or cloth. The appearance
of the flooring should be assessed weekly.
Once a week or, if necessary, more often, the floor should be cleaned with a damp cloth or a
mop soaked in warm water and a neutral cleaner. Light scuffing is executed with a buffing machine
with a suitable dry and clean pad.
3.2.2 Periodic maintenance
The appearance of the floor should be periodically assessed. If the floor has dirt build–up, it should
be machine scrubbed with a scrubber dryer fitted with a suitable clean pad, using neutral detergent.
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Then, it should be rinsed thoroughly and allowed to dry. To restore the finish, it may be dry buffed.
Regarding the stripping and resealing of a linoleum floor, according to Gorrée et al. (2002),
stripping should be done six times in 20 years (approximately every three years) in public buildings.
3.2.3 Preventive measures
To prevent damage, some precautions should be taken. For example, spills should be cleaned
immediately, since the longer spilt materials are left on the floor, the higher the risk of irreversible staining. Regarding the furniture, it should always be lifted and carried, instead of pushed,
pulled, or dragged over the floorings. According to Carvalho et al. (2019), cause “dragging of
equipment” was the most frequent, being indicated in approximately 28% of anomalies, probably due to a close correlation with the occurrence of scratches. This cause represents the use
of improper wheel material, which easily leaves a mark in VLF, or moving of furniture without
adequate protections. Furthermore, heavy furniture or appliances that are not moved often
should be equipped with flat, non-staining floor protectors, to avoid indentation from heavy
furniture or sharp furniture feet. The heavier the furniture, the wider the protectors should be
(Seeley, 1985). Vacuum cleaners with beater bars should be avoided, as they can damage the
flooring. Black rubber wheels and rubber feet can cause discolouration. Strong detergents must
be avoided, as they may wear the protective layer. Cleaning and maintenance training courses
from manufacturers, including both practical and theory work, should help facilities maintenance staff get the best from vinyl floorings by using adequate cleaning methods and products
(Polyflor, 2019; Tarkett, 2012).

4 Conclusions and Future Developments
Several difficulties were found during the research, mainly the scarce scientific literature about
VLF, both in general and in health infrastructures. Therefore, the recommendations stem from different sources, namely supplier guidelines, site assessment and statistical evaluation from site assessments (Carvalho et al., 2018 and Carvalho et al., 2019).
This paper contributes to the dissemination of knowledge on the maintenance of VLF, specifically in health infrastructures, as the presented information may be used to improve and increase
the effectiveness of maintenance plans. Additionally, it may also be useful at the application stage,
as some defects with substrate origin, for instance, may be prevented with adequate cleaning of the
substrate. Moreover, at the design stage, a maintenance manual or a concise user’s manual of the
flooring may be developed and delivered to the client. Furthermore, the consideration of efficient
dirt barriers, with scraping and absorbing qualities, should take place early at the specification stage,
and not afterwards, when there are rarely enough funds or space to do the job correctly.
To avoid defects at the application stage, several measures may be implemented, always starting
with the use of specialised labour and better communication between contractors. Specialised labour is more likely to apply floorings according to the best practices, hence avoiding defects caused
by execution errors. In terms of maintenance, regular cleaning is more beneficial and cost-effective
to the flooring than occasional heavy cleaning.
Regarding future developments to increase the life cycle, cleaning and maintenance training
courses given by the manufacturers should be mandatory. It is essential to train the cleaning staff
since inadequate maintenance directly contributes to accelerating the degradation of VLF. Moreover, regular inspections are also necessary to ensure the quality control of the VLF application. It is
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also expected that the efficiency and effectiveness of maintenance in VLF increase if the inspection
system proposed by Carvalho et al. (2018) is used. In the future, to improve the system, a wider
inspections campaign should be made.
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Abstract. Alkali–silica reaction (ASR) is a major concrete durability problem. The occurrence of ASR
results in significant maintenance and reconstruction costs to concrete infrastructures all over the
world. Ever since Stanton (1940) discovered the expansive characteristics of ASR in 1940, there has
been much speculation as to the cause and actual mechanism of expansion. Current market solutions
are not always sustainable, such as hauling non-reactive aggregates or fly ash from long distance; or
use of Li-based chemical admixture that is facing challenge of raw material’s availability. The current
article will present a patent pending technology which provides a commercial solution for mitigating
the ASR. The ASR mitigating effect of this technology is compared with lithium, calcium, and aluminum
salts, and densified silica fume.
Keywords: Alkali–Silica Reaction (ASR), Durability, Silica Fume, Metakaolin, LiNO3, Ca(NO3)2,
Ca(NO2)2, Al(NO3)3, Expansion, Slurry, Solution.

1 Introduction
Since Stanton (1940) demonstrated that reaction between high-alkali cements and certain
aggregates could cause disintegration of concrete, a large amount of research has focused on
the alkali aggregate reaction. An annotated bibliography containing over 1300 references
pertinent to the phenomenon of alkali silica reaction (ASR), was compiled by Diamond (1992).
ASR has remained a subject of much research and discussion because of the necessity of
employing marginal aggregates in many areas, as well as the limited availability of low alkali
cement, class F fly ash, slag, and lithium. Szeles et al. (2017) estimated that by 2030, the supply
of fly ash in the United States will be approximately 14 million tons, but the demand will exceed
35 million tons. Lithium-based chemical admixtures face limited raw material availability and
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rising price. Tesla and other electric-vehicle makers dominate lithium consumption, a
lightweight element that some call “white petroleum” for its use in lithium-ion batteries that
power electric cars. ‘In order to produce half a million cars a year…we would basically need
to absorb the entire world’s lithium-ion production,’ Elon Musk said in March 2016 according
the Wall Street Journal (2016).
Densified silica fume has been used to increase ASR resistance. Due to low volume demand,
concrete manufacturers do not normally install a silo for densified silica fume. The two main
issues of densified silica fume are: (1) it might cause ASR due to agglomeration (Pettersson
1992), and (2) densified silica fume in bags are difficult use in concrete manufacturing. Clearly,
the concrete industry is looking for alternative chemical admixtures, which are easily dispensed
into a central mixer or concrete truck in ready mix concrete or precast plants, for mitigating
ASR.
Six pumpable products, which are three salt solutions and three slurries were selected in this
study. The three salt solutions are Calcium Nitrate (Ca(NO3)2), Calcium Nitite (Ca(NO2)2), and
Aluminum Nitrate (Al(NO3)3). The three pumpable slurries are based on densified silica fume,
metakaolin, and Z silica fume (a by product from zirconia oxide manufacture). The technology
of manufacturing these slurries is patent pending. A screening test method was developed based
on ASTM C1567 (2018) to evaluate the ASR mitigating effects of these six products.

2 Experimental
2.1 Materials and Test Method
An ASTM C150 Type I/II portland cement with alkali content of 0.93% equivalent Na2O was
used throughout the study. The reactive aggregates are recycled borosilicate glass granules
from Vitro Minerals. Commercial Solutions of LiNO3, Ca(NO3)2, and Ca(NO2)2 were used.
The Al(NO3)3 solution was prepared from analytical reagent grade of Al(NO3)3·9H2O.
2.2 Accelerated ASR Test Method
To evaluate the ASR mitigation effects of the selected materials, an accelerated test method
based on ASTM C1567 (2018) was developed. The key for developing an accelerated ASR
test method is to determine the pessimum amount reactive aggregate (borosilicate granules) in
the mortar mixture. The pessimum amount of borosilicate is about 25% of total fine aggregate,
which caused the maximum ASR expansion under the current test condition. Therefore, the
screening test for evaluating potential candidates for ASR mitigation was designed as follows:
• Mortar with pessimum amount of reactive aggregate (25% borosilicate).
• Follow the ASTM C1567 test procedure.
• The expansion results are an average of four measurements.

3 Results and Discussion
3.1 Effects of LiNO3, Ca(NO3)2, Ca(NO2)2, and Al(NO3)3 on ASR
The alkali silica reaction (ASR) is primarily one of OH- ions rather than of alkali cations;
nevertheless, the latter are of critical importance. Both sodium and potassium ions cause
distress; lithium apparently not, and its presence tends to inhibit distress. In an attempt to find
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a compound that would effectively inhibit ASR, McCoy and Caldwell (1951) carried out a vast
number of mortar tests with a representative selection of many types of possible additive
materials. The most significant facts that emerged from this study was that lithium compounds
(LiCl, Li2CO3, LiF, Li2SiO3, LiNO3, and Li2SO4), in some unexplained way, reduced mortar
expansion. Even almost insoluble lithium salts, such as LiF, seemed to be beneficial. Ong
(1993) demonstrated that these insoluble lithium salts, such as LiF and Li2CO3 were quickly
converted to LiOH in pore solution of cement paste. Due to its high solubility in water, LiNO3
has been commercially used as a chemical admixture for mitigating ASR. The mechanisms of
ASR mitigating by LiNO3 was recently studied by Feng et al. (2010) and Guo et al. (2019).
The formation of Li-Si crystal (Feng 2010) or Li-Si amorphous structure (Guo 2019) act as
barrier surface on the reactive aggregate surface and prevent ASR.
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Figure 1. The comparison of ASR mitigating effects of LiNO3, Ca(NO3)2, Ca(NO2)2, and Al(NO3)3.

The role of calcium ions in ASR have been investigated and debated for many years.
Powers and Steinour (1955) suggested that ASR gel with a low-calcium content was expansive,
while ASR gel with a high-calcium content was not expansive. Hudec and Banahene (1993)
indicated that calcium ions mitigated ASR. Concrete with some free calcium ions in pore
solution did not expand as much as one without. On the other side, many studies (Kawamura et
al., 1998, Aquino et al., 2001, and Feng et al., 2010) suggested that calcium ions are vital for
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deleterious ASR expansion to occur. Without calcium ions, silica dissolves by OH- and remains
in solution (Thomas 1998).
Even though there are limited studies directly on the effect of aluminum on ASR, a good
review on the beneficial effects of aluminum in mitigating ASR was provided by Rajabipour et
al. (2015). The proposed explanations for Al benefits are:
• Reducing silica dissolution by Al adsorption on the surface of reactive aggregate.
• Removing OH- ions by the formation of C-A-S-H.
• Removing Ca(OH)2 to form calcium aluminate phase.
The above hypotheses were further investigated by studying the effect of Al(OH)3 on ASR
expansion with ASTM C1293 concrete prisms (Szeles et al., 2017). It was found that the
replacement of 20% cement with Al(OH)3 significantly reduced silica dissolution and prevented
ASR expansion.
The ASR mitigating effects of lithium, calcium and aluminum salt solutions were compared
at five dosages: 0.6, 1.2, 1.8, 2.4, and 3.0 N of the initial mixing water. Figure 1 compares the
ASR mitigating effects with different salts, at 14-day expansion as a function of additive
normality of initial mixing water. The results in Figure 6 are summarized as following:
1. LiNO3 solution has the most ASR mitigating effect in term of expansion reduction, among
the four salt solutions tested. The addition of 0.6N of LiNO3 significantly reduced ASR
expansion, however this dosage was not enough to suppress the ASR. The 14-day
expansion was still 0.59%. With increasing dosage of LiNO3, ASR expansion was
continuously reduced. At the highest test dosage of LiNO3 investigated (3.0 N), the 14-day
expansion was reduced to 0.10%.
2. At higher dosages (1.2N), the effectiveness of ASR mitigating with Ca(NO3)2 and Ca(NO2)2
are almost identical. With addition of 3N of Ca2+, the 14-day expansion was still 0.3%,
which is much higher than the 0.1% limit.
3. Al(NO3)3 solution has a slight ASR mitigating effect at dosages higher than 1.8N, and
causes increased ASR expansion at lower dosages.
3.2 Effects of Silica Fume and Metakaolin Slurries on ASR
Silica fume is an ultrafine powder collected as a by-product of the silicon and ferrosilicon alloy
production with a very light bulk density of 130 kg/m3. Densified silica fume is produced by
treating silica fume to increase the bulk density up to a maximum of about 400 to 720 kg/m3.
This increase in bulk density is usually accomplished by tumbling the silica fume particles in a
silo, which causes surface charges to build up. One harmful consequence of the densification
is that significant contents of undispersed grains of the order of several hundred microns are
found in cementitious materials treated with densified silica fume (Diamond 1997). The grain
can react with OH- which may give rise to ASR distress. The agglomeration of silica fume
particles is illustrated in the low and high magnification SEM images shown in Figure 2. At
low magnifcation, the silica fume was clustered in grains of a few microns to several hundred
microns, as shown in the left side image in Figure 2. The original size of the silica fume
particles were in the range of a few nanometers to several hundred nanometers, as shown in the
high magnification image on the right side of Figure 2.
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Figure 2. The SEM images of densified silica fume with low and high magnifications.
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Figure 3. The comparison of ASR mitigating effects of different slurries and densified silica fume.

A direct comparison of the ASR mitigating effects of densified silica fume and the three
slurries, at 14-day expansion, as a function of additive percentage by weight of cement
replacement, are compiled in Figure 3. The results in Figure 3 are summarized as following:
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1. Densified silica fume has the lowest ASR mitigating effect in term of expansion reduction,
among the four products tested.
2. Converting densified silica fume to a slurry form only slightly improves the ASR mitigating
effect.
3. Metakaolin and Z silica fume slurries have almost identical ASR mitigating effect. When
the dosages of both slurries were increased to 6% (dry basis), the ASR was almost stopped,
resulting in only 0.07% expansion at 14.
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Figure 4. The comparison of ASR mitigating effects of LiNO3 solution and metakaolin slurry.

The ASR mitigating effects of LiNO3 solution and metakaolin slurry are compared in Figure
4. Dosages are expressed as percentage of total cementitious materials on a dry basis. The
results in Figure 4 are summarized as following:
1. At low dosages (less than 2%), both LiNO3 solution and metakaolin have similar ASR
mitigating effect.
2. The reduction of ASR expansion by LiNO3 solution is increased almost linearly with
increasing dosage. To achieve a 14-day expansion less than 0.1%, the dosage of LiNO3
exceeded 8.9% by weight of cement in the current testing condition, whose soak solution is
not buffered with LiNO3.
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3. At a dosage greater than 2%, the reduction in ASR expansion by the metakaolin slurry is
accelerated away from linear. A metakaolin dosage of 6% by weight of total cementitious
materials is enough to suppress the ASR.

4

Conclusions

Due to a critical shortage of lithium raw material and difficulty with using densified silica fume,
an effort was made to develop an alternative chemical admixture for mitigating ASR. Six
dispensible materials were tested as potential candiates to replace LiNO3 and densified silica
fume. Based on the results of ASTM C 1567 expansions of mortar bars, the following
conclusions can be made:
- For salt solutions, LiNO3 is the best choice for ASR mitigating.
- Solutions of Ca(NO3)2 and Ca(NO2)2 have the same ASR mitigating effect, but are not
effective enough to stop ASR. Therefore, Ca(NO3)2 or Ca(NO2)2 solution itself can’t not
be the candidate to replace LiNO3 as chemical admixture for mitigating ASR.
- Al(NO3)3 solution has a weak ASR mitigating effect and a negative effect on workability.
It will not be recommended as chemical admixture for mitigating ASR.
- The densified silica fume slurry has only slighly better ASR mitigating effect than densified
silica fume. The slurry manufacturing procedure was unable to break-down clustered silica
fume particles.
- Both pumpable slurries of metakaolin and Z silica fume have an excellent ASR mitigating
effect.
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Abstract. Vegetated facade systems (VFS) have been used as green building envelope systems in
recent years. Using VFS for ecological strategies and evaluating thermal performance of these sytems
are not a new concept. However, there is not any experimental study in literature which evaluates
thermal performance of felt type VFS applied on an insulated existing building wall which is located
in Csa climate during cooling and heating periods. Hence, an experimental study was conducted to
measure thermal performance of felt type (type which used felt material as growing media) VFS in
Kocaeli (under Csa climate). Test results indicate that in day time with high amount of solar radiation,
felt type VFS decreased exterior surface temperatures of an insulated existing wall by maximum of
30°C. Also, interior surface temperatures of vegetated facade were lower than interior surface
temperatures of reference facade with the maxiumum difference of 1.8°C. Although high differences
between exterior surface temperatures of vegetated and reference walls were observed, there was no
significant difference between interior surface temperatures of vegetated and reference walls. This is
due to the fact that existing building exterior wall assembly includes 5 cm thickness expanded thermal
insulation material which enchance thermal performance of brick wall. In addition, indoor air
temperatures behind both facades were close to each other, and were not suitable according to ISO
7730 and ASHRAE 55 Standards comfort range for representative summer days with high ambient air
temperatures. Nevertheless, indoor air temperatures behind vegetated facade were in the comfort
range in the fall representative day which required cooling, while indoor air temperatures behind
reference facade were not in the comfort range in summer representative day.
Keywords: Vegetated Facade System, Thermal Performance, Field Measurement, Surface
Temperature, Sustainability.

1 Introduction
Fourth Assessment Report of Intergovernmental Panel on Climate Change indicates that
average temperature on earth has increased by 0.75 °C from the beginning of the 20th century
until today (IPCC, n.d.). Additionally, it is predicted that average air temperature on earth will
increase by 1.8-4°C at the end of 21th century (MCCAR, n.d.). Also it is claimed that annual
average air temperature in Turkey will rise by 2.5-4°C in following years (Turkey’s National
Climate Change Adaptation Strategy, 2011). Urbanization causes reduction of huge amount of
green areas and replaces them with buildings and surfaces with low albedo value (Cheng et
al., 2010; Koyama et al., 2013; Wong et al., 2010). These changes cause a significant rise of
urban temperature known as heat island effect, which is responsible for the increase of
ambient air temperatures (Wong et al., 2010; Alexandri and Jones, 2008). Use of vegetated
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surfaces and vegetated facade systems plays an important role to reduce urban heat island
effect (Koyama et al., 2013; Alexandri and Jones, 2008; Olivieri et al., 2014). Greenhouse
effect plays also an important role in the increase of ambient air temperatures. Building sector
is responsible of 40% of the CO2 and other greenhouse gases emissions. With improvements
in economic development, energy use in building sector has increased (Perez et al., 2017;
Technology Roadmap, 2013). In order to decrease greenhouse gases emissions it is essential
to use renewable energy sources instead of fossil fuels and/or reduce energy consumptions.
Energy consumption caused by building sector can be reduced by several sustainable design
strategies. One of them is covering walls with vegetation, that is called as vegetated facade
systems (VFS). "Greeney” is a common term in literature, hovewer in the present study it is
prefered to nomenclature these systems as “vegetated facade systems” because of the reason
that main components of these system are vegetation and growing media. Literature review
reveals that vegetated facades minimize heat gain through building facade, decrease surface
temperature and increase energy efficiency of buildings (Perez et al., 2017; Safikhani et al.,
2014; Raji et al., 2015; Konteleon and Eumorfopoulou, 2010; Haggag et al., 2014; Feng and
Hewage, 2014; Perini et al., 2011). Studies in Köppen subgroup “Csa” (mild with no dry and
hot summer climate) indicate that vegetated facade systems reduce the maximum exterior
surface temperature of reference building surface up to 25°C in cooling period (Olivieri et al.,
2014; Akbari et al., 1997). Aim of the present paper is to evaluate thermal performance of felt
type VFS in Csa climate conditions during cooling period in summer and fall seasons. Also,
by means of the results of the present study it is aimed to fill the gap in literature regarding
data of thermal performance of VFS applied on insulated wall and lack of data for thermal
performance of felt type VFS. Initially, design of vegetated facade, instrumental setup and
measurement parameters are presented. Subsequently, solar radiation and surface temperature
results are given and values of both vegetated and reference facades are comparatively
assessed.

2 Materials and Methods
Thermal performance monitoring was conducted at a building located in Gebze Technical
University, Gebze, Kocaeli. Gebze Technical University is located at 40°48'41"N, 29°21'19"E
(GTU, 2017). Kocaeli is classified as “Csa” (mild with dry and hot summer climate)
according to Köppen climate classification. Vegetated facade system and instruments were
installed in the first week of September 2016. Trial tests were done during 5 months after
installation of experimental setup. Monitoring including whole parameters are started on 04
February 2017.
2.1 Experimental Building
An existing office building located on Gebze Technical University Campus was chosen as
experimental building, two facade surfaces of the building were determined to be used as
vegetated and reference facades. Both facades are oriented to the south. They are exposed to
solar radiation for the majority of the day (especially hours when solar radiation reaches high
values) and there are no obstructions in front of the facades. Also, there is no opening in the
respective south oriented walls, both facades are fully opaque and have same dimensions.
Window to wall ratio (WWR) of east oriented exterior wall of room which south wall was
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fully vegetated is 20%, while WWR of east oriented exterior wall of room which south wall
was non vegetated is 13%. Spaces behind both facades are office rooms which have
approximately similar conditions. Both of them have the same heating and cooling systems,
which is air conditioning. It operates between 08:00 and 17:00 during week days and doesn’t
operate during weekends. Existing wall system of the building is composed of the following
components from inside to outside: 19 cm brick wall with 2 cm thickness interior plaster and
5 cm thickness expanded polystrene heat insulation material and 3 cm thickness exterior
plaster. This wall system is considered to be reference wall system. Most widely used VFS in
Turkey is “felt system” (Yüksel and Türkeri, 2016a). Additionally, there is no previous
experimental study in literature in which the thermal performance of a felt type VFS under
Csa climate region has been measured during neither cooling period nor heating period
(Yüksel and Türkeri, 2016b; Yüksel and Türkeri, 2017). Therefore felt type was chosen as
vegetated facade system. Also, “euonymus japonica” was selected due to its well adaptation
to survive in temperate and mediterranean climates. The vegetated facade is composed of two
main components: existing wall system and vegetated system. Vegetated system consists of
following components from inside to outside: 40x40x2mm galvanized steel frame mounted
on the wall, PVC panel of 1 cm thickness fixed on this frame, first and second layers of
geotextile felt attached on it and vegetation layer embedded the felt pockets.
2.2 Instrumental Setup for Monitoring
An instrumental setup was designed and installed at the reference and vegetated facade
systems to measure solar reflectance, surface and air temperatures (Figure 1a,b). Local
meteorological data (air temperature and humidity, atmospheric pressure, wind direction and
wind velocity) was measured by a weather station installed on the roof parapet of existing
building (Figure 1c).

(a)

(b)

(c)

Figure 1. Image of VFS (left) and RFS (middle) and image of the weather station on the roof parapet (right).

Figure 2 designates sections of reference facade and vegetated facade test assemblies.
Three pyranometers were used to measure solar radiation incident and solar reflectance. A
pyranometer (“I” in Fig. 2b) was installed vertically in front of the vegetated facade to
measure solar irradiance reflected from the vegetated facade. Two pyranometers were
installed in front of the reference facade vertically and mounted back to back symmetrically.
One of these pyranometers, (“D” in Fig. 2a) was used to measure solar radiation incident on
reference and vegetated facades and the other (“E” in Fig. 2a) measures solar irradiance
reflected from the reference facade. Only one pyranometer was decided to measure incident

909

Elif Özer Yüksel and Nil Türkeri

solar radiation since solar radiation values reaching each both facades are accepted as
identical. Infrared non-contact thermometers were used to measure surface temperatures of
exterior wall of reference facade (“F” in Fig. 2a), exterior wall of vegetated facade (“N” in
Fig. 2b), back (“M” in Fig. 2b) and front (“L” in Fig. 2b) side of the PVC panel, second layer
of felt (“K” in Fig. 2b). Contact thermometers were used to measure surface temperatures of
interior walls of reference (“G” in Fig. 2a) and vegetated (“O” in Fig. 2b) facades. Also,
indoor temperature and humidity sensors were placed 20 cm in front of the interior wall
surface of the reference (“H” in Fig. 2a) and vegetated (“P” in Fig. 2b) facades in order the
measure indoor air temperature of the rooms behind the vegetated and reference walls.
Additionally, a temperature sensor (“J” in Fig. 2b) was placed inside the leaves to measure the
air temperature among leaves (Yüksel and Türkeri, 2017).

(a)

(b)

Figure 2. Section of reference facade (left) and vegetated facade (right) test assemblies.

Monitoring periods included months representing summer and fall seasons of the year
2017. Data regarding each parameter was recorded every 10 minutes during these periods.
Nevertheless, user behaviours were found to be different in office rooms during weekdays
behind vegetated and reference rooms. Hence, representative weekend days were selected for
the summer and fall periods when high solar radiation was observed and exterior surface
temperatures of reference facade reached maximum values.

3 Test Results
Exterior and interior surface temperatures and indoor air temperatures of vegetated and
reference facades were compared with each other. Also, indoor air temperatures were
evaluated according to comfort temperature range identified in ISO 7730 and ASHRAE 55
Standards. Additionally, solar reflectance ratio of reference facade and vegetated facades were
compared with each other. Solar reflectance ratio were calculated according to ASTM E
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1918:2006 (ASTM E1918:2006). For each representative day and for both facades, the ratio
of reflected solar irradiance values to total solar irradiance values was calculated between
09:00-15:00. August 12, 2017 and September 24, 2017 were chosen as representative days for
the summer and fall periods, respectively, because of the reason that high solar radiation
values occured and exterior surface temperatures of reference facade reached maximum
values in that hot days. Test results regarding that days such as microclimate values, solar
reflectance values of reference and vegetated walls and maximum exterior surface
temperatures of reference and vegetated facades are shown in Table 1.
Table 1. Microclimate, solar reflectance and maximum exterior surface temperature values observed on
August 12, 2017 and September 24, 2017.
Max. solar Max. solar
radiation
radiation
reaching to reflecting
facades
from RFS
454W/m2
22.4C 29% -93%
364W/m2
(at 14:10)
33.1C
642W/m2
13.1C 39% -93%
448W/m2
(at 14:10)
25.6C

Ambient
air temp.
ranges

Relative
humidity
ranges

Max. solar
radiation
reflecting
from VFS

Solar
Solar
reflectan reflectan
ce of
ce of
RFS
VFS

54W/m2

0.88

0.12

73W/m2

0.80

0.10

Max.
exterior
surf. temp.
of RFS
53.2C
(at 14:40)
53.3C
(at 15:00)

Max.
exterior
surf. temp.
of VFS
30C
(at 16:40)
23.6C
(at 15:50)

Exterior surface temperatures of vegetated wall were extremely lower than exterior surface
temperatures of reference wall for both periods during the day time (Figure 3 and Figure 4).
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Figure 3. Exterior and interior surface and indoor air temperatures of RFS and VFS on August 12, 2017.
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Figure 4. Exterior and interior surface and indoor air temperatures of RFS and VFS on September 24, 2017.

Differences between maximum exterior surface temperatures of reference and vegetated
facades were 24°C and 30.5°C for representative days of summer and fall periods,
respectively. Also, during the night time, exterior surface temperatures of vegetated wall are
higher than exterior surface temperatures of reference walls for both periods. Interior surface
temperatures of reference facade were also higher than interior surface temperatures of
vegetated facade along the day time. Differences between maximum interior surface
temperatures of reference and vegetated facades were 1.3°C and 1.8°C for representative days
in summer and fall periods, respectively (Fig. 3 and Fig. 4). Additionally, Fig. 3 presents that
on August 12, indoor air temperatures behind both facades were not in the range of 23-26°C
which is recommended as a comfort range for cooling period in ISO 7730:2005 Standard and
ASHRAE Standard 55-2010. Nevertheless, on September 24, max. indoor air temperature
(25°C) behind vegetated facade is lower than upper limit value of 26°C, while maximum
indoor air temperature (26.5°C) behind reference facade is higher than 26°C (Fig. 4).

4 Discussion
Although high differences between exterior surface temperatures of vegetated and reference
walls were observed, there was no significant difference between interior surface
temperatures of vegetated and reference walls. Also, there was no significant difference
between indoor air temperatures behind vegetated and reference walls. The results regarding
indoor air temperature differences between vegetated and reference facade showed
similarities with the results of the study conducted under a different climate condition
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(Cfa:humid subtropical climates) by Chen et al., (2013) which revealed that cooling effect of
VFS on the indoor environment is relative small because of the high heat resistance of the
wall. If the existing exterior wall was designed without any thermal insulation, it is obvious
that the VFS would present greater passive cooling effect. In addition, indoor air temperatures
behind both rooms were not suitable according to comfort temperature ranges indicated in
standards for representative summer day. Nevertheless, indoor air temperatures behind VFS
were in the comfort range in the fall representative day in day time which required cooling,
while indoor air temperatures behind reference facade were not in the comfort range. Also, it
can be claimed that indoor air temperatures of both rooms were not only affected by exterior
surface temperatures of south oriented walls, but also by the surface temperatures of interior
walls, ceeling, slab and east oriented exterior walls. Also, it can be assumed that vegetated
room gained and lost more heat through windows due to higher WWR compared with
reference room. It can be claimed that if east facades of both rooms had same WWR,
vegetated room would show greater performance in terms of indoor air temperatures
compared with reference room.

5 Conclusions
It can be concluded that felt type VFS decreases exterior surface temperatures of an insulated
existing wall located in Csa climate. In addition, most remarkable results were observed in
fall period, and in that period the differences between exterior surface temperatures of
reference and vegetated facades reached to 30.5°C. These results suggest that VFS has a
positive contribution on thermal performance of building wall during cooling period. In
addition, solar reflectance of reference facade was 3-8 times higher than solar reflectance of
VFS. Although solar reflectance of reference facade was higher than solar reflectance of VFS,
exterior surface temperature of vegetated facade was significantly lower than exterior surface
temperature of reference facade. That is because VFS transfers less energy to exterior wall of
building even though VFS absorbs more solar radiation compared with reference facade
system. Thus, it can be claimed that VFS uses most of energy reaching on its surface and so
transfers less amount of energy to the exterior wall surface of building wall. Also, lower solar
reflectance values of VFS indicate that these systems have positive impact on reducing urban
heat island effect.
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Abstract. Thermal conductivity plays a significant role in efficient energy usage, especially in the
construction field. Low thermal conductivity is preferable because lower thermal conductivity will
increase the thermal insulation provided by the concrete and reduce the heating and cooling costs for
residential and commercial buildings. To accomplish this goal, porous materials can be considered
for use in concrete. Additionally, researchers have had challenges producing high-strength concrete
with low thermal conductivity. Therefore, this study aims to investigate the effects of replacing crushed
fine aggregates with coal bottom ash (CBA) on the thermal conductivity and mechanical properties of
high-strength concrete. The concrete properties, including unit weight, compressive strength, and
thermal conductivity, were measured. The experimental results revealed that the thermal conductivity
of the CBA concrete decreased as the unit weight of the CBA concrete decreased, and the thermal
conductivity also decreased as the compressive strength decreased. Finally, the relationships between
the thermal conductivity, unit weight, and compressive strength of the CBA concrete were also
examined.
Keywords: Coal Bottom Ash, Thermal Conductivity, High-Strength Concrete, Porosity.

1 Introduction
Currently, the demand for energy-efficient buildings is increasing to optimize the internal
temperature of buildings (Najjar et al., 2019). One of the key factors for optimizing energy
efficiency is thermal conductivity. When a building is constructed from materials with higher
thermal conductivity, to ensure the internal temperature of the building, a greater amount of
energy must be consumed for cooling and heating. To address this issue, materials with low
thermal conductivity are recommended during construction. Thus, considering concrete with
low thermal conductivity is the most suitable choice.
To produce concrete with low thermal conductivity, Aghdam et al. (2019) carried an
experimental study to estimate the effects of carbon nanotubes on the thermal conductivity of
steel fiber-reinforced concrete. Their test results indicated that the agglomeration of carbon
nanotubes caused a decline in the concrete thermal conductivity. However, the use of carbon
nanotubes is expensive, and high-strength concrete is not considered.
Currently, coal-fired thermal power plants create a substantial amount of bottom ash and
fly ash. Bottom ash is industrial waste produced at the bottom of coal furnaces. To develop
concrete
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with low thermal conductivity for energy efficiency, an experimental study to investigate the
effects of partial or total replacement of crushed fine aggregates with coal bottom ash (CBA)
on the thermal properties of concrete is vitally necessary.
Therefore, in this experimental study, the thermal conductivity and mechanical properties
of high-strength concrete specimens containing 25, 50, 75, and 100% replacement of crushed
fine aggregates with CBA were investigated at a curing age of 28 days. The compressive
strength, unit weight, and thermal conductivity of these specimens were measured. The
relationships between the thermal conductivity, unit weight, and compressive strength of the
CBA concrete were also examined.

2. Experimental Program
2.1 Materials

Figure 2. Grading curve of CBA and crushed fine
aggregate.

Figure 1. CBA aggregate.

Table 1. Physical properties of fine, coarse and coal bottom ash aggregate.

Crushed fine
aggregate
Coarse aggregate
CBA

Fineness
modulus

Water absorption
(%)

Unit weight
(g/cm3)

3.17

0.69

2.60

6.77
3.83

1.44
6.87

2.61
1.84

The coal bottom ash used in this study was collected from a thermal power plant company
in Korea. The CBA aggregate was screened to remove particles greater than 5.0 mm and to
retain the particles greater than 0.15 mm. The CBA used for this study is presented in Figure
1, and the particle size distribution of the CBA is also presented in Figure 2. The test results
of the density and water absorption of the CBA are shown in Table 1. The particle size
distribution of the crushed fine aggregates is illustrated in Figure 2. The unit weight, water
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absorption and fineness modulus results of the crushed fine and coarse aggregates are also
shown in Table 1.
2.2 Mix Proportions
A concrete mix was designed with a target compressive strength of 60 MPa at a curing age of
28 days. The mixing proportions of the control concrete and coal bottom ash concrete are
indicated in Table 2. The crushed fine aggregate was replaced with five different volume
fractions (0, 25, 50, 75, and 100%) of coal bottom ash in the concrete.
Table 2. Mixing proportions of the coal bottom ash concrete.

Mixtures

Replacements
of CBA
W/C Water
(%)

Unit content (kg/m3)
Cement
(OPC)a

Coarse
aggregate

Fine
aggregate

Coal
bottom
ash

HWRAb
(0.6% ×
cement)

CBA00

0

0.3

178.5

595

878.5

663

0

3.6

CBA25

25

0.3

178.5

595

878.5

497.2

117.7

3.6

CBA50

50

0.3

178.5

595

878.5

331.5

235.3

3.6

CBA75

75

0.3

178.5

595

878.5

165.7

353

3.6

CBA100

100

0.3

178.5

595

878.5

0

470.7

3.6

a: OPC: ordinary Portland cement.
b: HRWA: high water reducing agent.
2.3 Specimens and Test Procedures
Cylindrical specimens with dimensions of 100 mm × 200 mm were cast to measure the unit
weight, compressive strength, and thermal conductivity of the different samples. The unit
weight, compressive strength, and thermal conductivity of the CBA concrete were measured
at a curing age of 28 days. The thermal conductivity of each specimen was measured using a
transient plane source (TPS) measurement system, as shown in Figure 3.

3 Test Results and Discussion
3.1 Unit weight
The unit weight results of the concrete specimens with different coal bottom ash ratios are
shown in Figure 4. The figure indicates that the unit weight of the CBA concrete decreased as
the replacement of crushed fine aggregate with CBA increased in the concrete. At a curing
age of 28 days, the unit weight of the control mixture was 2,370 kg/m3, whereas the unit
weights of the coal bottom ash concrete mixtures CBA25, CBA50, CBA75, and CBA100
were reduced by 2.1, 3.2, 5.3, and 7.6%, respectively. The decrease in the unit weight of the
CBA concrete mixtures is due to the replacement of coal bottom ash, which is a lighter fine
aggregate than crushed fine aggregate, as shown in Table 1.
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Figure 3. Test setup for thermal conductivity
measurements.

Figure 4. Effect of CBA replacements on unit weight
of concrete.

Figure 5. Effect of CBA replacement on compressive
strength.

Figure 6. Effect of CBA replacement on thermal
conductivity.

3.2 Compressive Strength
The test results of the compressive strength of the concrete specimens with different coal
bottom ash contents are summarized in Figure 5. Generally, at a curing age of 28 days, the
compressive strength of the CBA mixtures decreased as the CBA replacement increased. The
compressive strength of the coal bottom ash concrete mixtures CBA50, CBA75, and CBA100
were 3.0, 4.6, and 8.8% less than that of the control concrete mixture (69.4 MPa), respectively.
However, the compressive strength of the coal bottom ash concrete mixture CBA25 was
insubstantially higher (1.2%) than that of the control concrete mixture. The compressive
strength loss could be explained by the increase in the porosity of the concrete. These
porosities cause negative impact on concrete matrix and reduce the compressive strength of
the CBA concrete specimens [Singh et al., 2014].
3.3 Thermal Conductivity
The thermal conductivities of the concrete specimens with different CBA contents are
presented in Figure 6. At a 28-day curing age, the thermal conductivities of the CBA mixtures
decreased as the CBA content increased. The thermal conductivities of the CBA concrete
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mixtures CBA25, CBA50, CBA75 and CBA100 were 6.4, 11.7, 14.2, and 22.5% less than
that of the control concrete mixture (1.87 W/m∙K), respectively. The thermal conductivity of
the CBA concrete with a 100% CBA content was significantly less than that of the control
concrete mixture. It is known that thermal conductivity highly depends on the lightweight
aggregate pore structure, the concrete density and the cement paste. Hence, the pore structure
was one of the key elements affecting thermal conductivity (Tasdemir et al., 2017). For that
reason, the observed decline in thermal conductivity could be explained by the increase in the
CBA concrete in the concrete. As the CBA content increased, the total volume of porosity of
the concrete increased, and the thermal conductivities of the concrete decreased. Reducing the
thermal conductivity would increase the thermal insulation provided by the concrete and
reduce the heating and cooling costs for buildings.

(a) Test results of this study

(b) Comparison between this study and previous
studies

Figure 7. Relationship between the thermal conductivity and unit weight.

The relationship between the thermal conductivity and unit weight of the CBA concrete is
demonstrated in Figure 7. As the unit weight of the CBA concrete increased, the thermal
conductivity of the CBA concrete increased. Moreover, the thermal conductivity of the CBA
concrete is nearly linearly proportional to the unit weight. Increasing the air voids or
lightweight aggregate in concrete is a method to reduce unit weight and thermal conductivity.
A similar trend was found when analyzing the test results of Wongkeo et al. (2010) and
Zhang et al. (2015), in which the unit weights ranged from 1417 to 1621 kg/m3 and from
1760 to 1870 kg/m3, respectively, as shown in Figure 7(b).
The relationship between the thermal conductivity and the compressive strength is
demonstrated in Figure 8. This relationship is similar to the relationship between the thermal
conductivity and unit weight of the CBA concrete. Additionally, the thermal conductivity has
a direct relationship with the compressive strength of the CBA concrete. Figure 8(b) shows a
similar trend between the test results in the present research and those of other authors.
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(a) Test results of this study

(b) Comparison between this study and previous
studies

Figure 8. Relationship between the thermal conductivity and compressive strength.

4 Conclusions
In this research, an experimental study was performed on the low thermal conductivity of
high-strength concrete specimens with different CBA replacement ratios. The research
findings are summarized hereafter:
- The thermal conductivity of the CBA concrete is highly dependent on the porosity in
the concrete specimens. For that reason, as the CBA content increased, the thermal
conductivity of the CBA concrete decreased gradually. Remarkably, when replacing all
the crushed fine aggregate with CBA, the thermal conductivity of the CBA concrete
was 22.5% less than that of the control mixture.
- As the coal bottom ash content in the CBA concrete increased, the compressive
strength of the CBA concrete decreased. In particular, the compressive strength of
mixture CBA100 was 8.8% less than that of the control mixture CBA00.
- As the compressive strength of the CBA concrete decreased, the thermal conductivity
of the CBA concrete also decreased.
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Abstract. Surface chloride concentration (Cs) is one of the parameters that feed models used to simulate
chloride ingress into concrete. Therefore, understanding its behaviour over time is important for a more
accurate forecasting. This work is part of a larger researcher project that aims to analyse the transport
of chlorides into concrete in marine atmosphere zone based on long-term field exposures. The present
paper focuses on the behaviour of Cs along 12.5 years. Prismatic concrete specimens with three
different mixtures were exposed at places located at four different distances from the sea. Climatic
variables and chloride deposition on the wet candle were parameters used to characterise the
environment. Periodically, samples from concrete surface were extracted from the specimens and
chemically analysed. Results show that Cs increases along the years and suggests a tendency of
stabilisation over time, although this level could not be reached in the present exposure period. The
relationship between Cs and chloride deposition rate on the wet candle was analysed and it was
observed that the function 𝐶𝐶𝐶𝐶 = 𝐶𝐶0 + 𝑘𝑘𝑐𝑐𝑐𝑐 . (𝐷𝐷𝐷𝐷𝐷𝐷)𝑛𝑛 is the one that best fits to experimental data.
Keywords: Concrete, Corrosion, Marine Atmosphere Zone, Surface Chloride Concentration.

1 Introduction
Surface chloride concentration (Cs) is one of the main parameters to feed models used to
simulate chloride penetration into concrete structures. It has been observed that Cs tends to
increase over the years (Costa and Appleton, 1999; Yang et al., 2017). However, this increase
tendency weakens along time reaching a stabilisation, which can be observed after about ten
years of exposure time in some cases (Andrade et al., 2000). This behaviour can be represented
by some mathematical models, which are presented in Table 1, that shows functions proposed
in literature to represent the behaviour of Cs in concrete structures exposed in marine
atmosphere zone.
It can be observed that there are not many studies aimed on the behaviour of Cs and that
most of functions are power or exponential functions, with a predominance of first one.
Analysing the results presented by the studies referenced in Table 1 it can be observed that,
in general, Cs sharply increases in the first years and, in the following years of exposure, this
trend gives way to a more understated increase. Depending on the function adopted to represent
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data behaviour, its final part can assume a more asymptotic shape, which denotes a stabilisation
trend along the years. Moreover, in some cases Cs presents some fluctuation, which can be a
result of the environmental interaction (Andrade et al., 2000; Meira, 2004).
Table 1. Literature models to represent surface chloride concentration behaviour in marine atmosphere zone.
Source of data

Exposure time (years)

Japan

23 - 58

Portugal

0.5 - 5.5

United States of America

2 - 16

South Corea

0.7 – 48.7

Data from literature

0–3

Data from literature
Cs = surface chloride concentration

0-5

Function

Authors

Year

0.5

Uji et al.

1990

b

Costa and Appleton

1999

Cs=a.(1-e )

Kassir et al.

2002

Cs=a.Ln.(b.t+1)+c

Cs=a.t

Cs=a.t

b.t

Pack et al.

2010

0.5

Zhou et al.

2016

b.t

Yang et al.

2017

Cs=a+b.t

Cs=a.(1-e )
t = exposure time

Regarding the shape of Cs curve, the continuous cement paste hydration along time is one
of the aspects that may influence its behaviour. As hydration of cement paste advances, the
concrete surface becomes less porous and less chloride ions can be captured in this region
(Maheswaram and Sanjayan, 2004; Pack et al., 2010). As a consequence, the rate of Cs increase
weakens. Besides that, the concrete ability in capturing chlorides decreases with the chloride
concentration increase, which also contributes in the same way.
Another aspect to be considered in this analysis is the aggressiveness of the environment to
which concrete structure is subjected. At places with a higher availability of chlorides there is
a stronger increase of Cs in the first years with a subsequent attenuation with time (Sandberg et
al., 1998; Costa and Appleton, 1999). However, along the years, Cs may present some
fluctuation, which can be related to the ions movement towards bulk concrete or to effects like
surface chloride removal due to rainfall.
Although there are some proposals to represent Cs behaviour along time in marine
atmosphere zone, they are still scarce and there is no consensus related to the best function to
represent Cs behaviour. This work contributes to this discussion and analyses the behaviour of
Cs in concretes exposed along 12.5 years at a marine atmosphere zone located in northeast of
Brazil. This is part of a project that studies the long-term chloride transport into concrete under
natural exposure in marine atmosphere zone.

2 Experimental Work
Experimental work was based on environmental characterisation and chloride concentration
measurements in concrete surface.
2.1 Environmental Characterization
The environmental characterization was done on temperature, relative humidity, rainfall, wind
characteristics and sea-salt data. Climatic data were collected by a Brazilian Government
weather station located in the region where the research took place. Sea-salt data was collected

922

Gibson R. Meira, Pablo R. R. Ferreira, Maria S. Freitas and Carmen Andrade

at places 10, 100, 200 and 500 m far from the sea (Figure 1 and Table 2) using the wet candle
method, according to ASTM standard G140 (ASTM, 2014).

Figure 1. Region where wet candle devices and concrete specimens were exposed.
Table 2. Geographical coordinates of exposure sites in northeast of Brazil.
Distance from the sea (m)

Latitude

Longitude

10

7º1’42.9’’

34º49’50.1’’

100

7º1’42.2’’

34º49’52.8’’

200

7º1’41.0’’

34º49’55.8’’

500

7º1’47.2’’

34º50’13.1’’

2.2. Surface Chloride Concentration in Concrete
Prismatic concrete specimens (0.15 x 0.15 x 1.40 m) were cast using a filler-modified Portland
Brazilian cement, which chemical and physical properties are presented in Table 3. Concrete
mixtures, with w/b ratios between 0.65 to 0.50, and physical properties are presented in Table
4. They are identified as C65, C57 and C50. Considering that these mixtures were performed a
long time ago, they considered w/b that are not usual nowadays.
Table 3. Chemical and physical properties of used cement.
Composition
(%)
Property

SO3

SiO2

Al2O3

3.21
18.11 4.31
Specific surface (cm2/g)
3650

Fe2O3

CaO

MgO

Na2O

K2O

2.27
59.87 3.61 0.21
Specific density (g/cm3)
3.06

1.51

Insoluble
residue (IR)
1.45

Loss on
ignition (LI)
5.50
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Table 4. Concrete mixtures and properties.
Concrete
Mixture
Cement (kg/m3)
Sand (kg/m3)
Coarse aggregate (kg/m3)
Plasticiser (kg/m3)
w/b
Property
Slump (mm)
Compressive strength (MPa – 28 days)

C50

C57

C65

406
769
947
1.22
0.5

356
812
947
1.06
0.57

320
840
947
0.65

80
31

80
27

80
20

The specimens were cured in a wet chamber for 7 days and afterwards they were painted
with a waterproof film at those surfaces thorough which chloride penetration should be avoided.
Then, the specimens were placed at the same monitoring stations used for wet candle devices.
After 6, 10, 14, 18, 46, 78 and 150 months of exposure, samples were extracted from the
specimens to obtain chloride profiles in concrete. Although chloride profiles were obtained at
each sampling period, here only surface chloride contents are analysed. These samples were
extracted in the first millimetre of the exposure surfaces of specimens. The total chloride
content was determined by potentiometric titration, following the procedures of the
International Union of Laboratories and Experts in Construction Materials, Systems and
Structures (RILEM, 2002).

3 Results and Analysis
Climatic results show that temperature ranged between 16 and 33.6 ºC along this period, with
an average value of 27 ºC. The relative humidity presented a fluctuation between 55 and 99 %,
with an average value of 76.6 %. Higher values were reached during the winter (rainy season)
that takes place mainly between May and August. Wind speed data ranged between 1.5 and 7.6
m/s, with average value in this period around 3 m/s. Predominant wind directions were south
(S), southeast (SE) and East (E), with a preponderance of SE winds. This is a typical behaviour
for the studied region (Meira et al., 2006).
Average chloride deposition data are presented in Figure 2. This figure shows a strong
salinity decrease in the first meters far from the sea, which may affect reinforced concrete
structures in different levels. This drop in salinity is a consequence of the removal of marine
aerosol salt particles due to gravimetric effect joined with other removal mechanisms
(obstacles, rain, etc.).
Results of the surface chloride concentration are presented in Figure 3, considering the three
different concretes and the four exposure sites and their distances from shoreline. Regarding
the general aspects of the data, they show some fluctuation in the first exposure months,
followed by a period of significant increase and afterwards a tendency of increase at lower rates,
which suggests a tendency of reaching a maximum along time, but that was not possible to be
observed in these 12.5 years of exposure. The initial fluctuation of chloride concentration in
concrete surface can be attributed to the environmental interaction, where the rainfall can play
an important role, due to the wash-out effect [Meira 2004, Chen et al., 2013].
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Figure 2. Average chloride deposition data during the research period.

Figure 3. Behaviour of Cs along time for concretes C65 (a), C57 (b) and C50 (c).
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Regarding the influence of concrete characteristics, it is clear the higher accumulation of
chlorides in concrete surface as concrete porosity increases (higher w/b). Moreover, taking into
account the distance from the sea, it is noticeable the chloride concentrations decay as going far
from the sea, which is a consequence of the aggressiveness decrease at sites far from the
shoreline due to the lower availability of chlorides in atmosphere.
Considering that the time is not the main variable that influences Cs increase, but the
availability of chlorides in atmosphere, it seems quite reasonable to analyse the relationship
between Cs and the accumulated deposition of chlorides on the wet candle (Dac), which is
obtained summing month-to-month the chloride deposition on the wet candle (Figure 4).

Figure 4. Relationship between Cs and accumulated deposition of chlorides (Dac) for concretes C65 (a), C57 (b)
and C50 (c).

As can be seen in Figure 4, the relationship between Cs and Dac can be represented by the
Equation (1), where Cs is the surface chloride concentration, C0 is the initial chloride
concentration in concrete, kcs is a coefficient associated to the concrete ability in capturing
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chlorides from atmosphere, Dac is the accumulated deposition of chlorides and n is a coefficient
associated to the rate of Dac increase along time.
𝐶𝐶𝐶𝐶 = 𝐶𝐶0 + 𝑘𝑘𝑐𝑐𝑐𝑐 . (𝐷𝐷𝐷𝐷𝐷𝐷)𝑛𝑛

(1)

This Equation follows a similar way of some previous studies when considered the influence
of time on Cs increase (Uji et al., 1990; Costa and Appleton, 1999; Zhou et al., 2016). However,
it has the advantage of taking into account the direct relation between the chlorides present in
atmosphere and those captured in concrete surface.

4 Conclusions
The main conclusion that can be drown up from the present analysis are:
−
−
−
−

Cs increases along time and although tends to reach a maximum, this moment was not
reached in 12.5 years of exposure time.
Concrete porosity influences on Cs behaviour in a direct way. Concretes with higher
w/b present a faster increase of Cs values.
The availability of chlorides in atmosphere plays an important role in Cs behaviour.
Higher availability of chlorides means higher Cs values. However, this relationship does
not follow a linear function.
The best function to represent the relationship between Cs and the availability of
chlorides in atmosphere is 𝐶𝐶𝐶𝐶 = 𝐶𝐶0 + 𝑘𝑘𝑐𝑐𝑐𝑐 . (𝐷𝐷𝐷𝐷𝐷𝐷)𝑛𝑛 , where Cs is the surface chloride
concentration, C0 is the initial chloride concentration in concrete, kcs is a coefficient
associated to the concrete ability in capturing chlorides from atmosphere, Dac is the
accumulated deposition of chlorides and n is a coefficient associated to the rate of Dac
increase along time.
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Abstract. In natural marine exposures, the chloride profile may have a maximum in the concrete
surface (surface concentration) or this maximum may appear some mm or even centimeters, in depth.
This fact has been attributed to a) a “washing effect” due the continuous action of the sea water, b)
the wet and dry “convection” induced by the action of the sea water waves c) the leaching of the
hydroxide ions or d) the carbonation of the external layer of concrete. In a test in the laboratory, the
profile resulting in a diffusion chloride test in most of the cases presents the maximum in the surface of
the specimen but seldom has this maximum beyond the surface. This behaviour in natural and in
laboratory conditions, although noticed, has not been satisfactorily explained. The author has
addressed the problem in a previous communication. In present one shows evidences on the role of the
carbonates/bicarbonates in the water of the testing solution. It can be deduced from the analysis of the
profiles obtained with de-carbonated solutions that the carbonates/bicarbonates ions compete with the
chlorides in the binding with the hydrated cement phases, which results in a modification of the
chloride profile and a different diffusion coefficient. The maximum seems to be produced by the higher
mobility of the chloride with respect to the carbonate/bicarbonate. The bound chlorides are displaced
by the carbonation and the free chlorides move inside forward. In the external parts less total
chlorides are noticed because the free chlorides are function of the bound chlorides.
Keywords: Concrete, Chlorides, Profile, Maximum, Carbonate.

1 Introduction
In marine environments, chlorides penetrate trough the pore network of concrete. This ingress
is usually modelled, through the so named “error function equation”, assuming pure diffusion,
a constant external chloride concentration and a constant diffusion coefficient, in spite that
wet-dry cycles are produced in the atmospheric and tidal zones. The chloride profiles obtained
can have a decreasing shape from the concrete surface or can present a maximum some mm
inside the concrete (Andrade et al., 1997; Andrade et al., 2015). This “anomalous” profile
departing from the fickian behaviour has been attributed to four main causes (Baroghel et al.,
2012; Qiang et al., 2011; Lianfang et al., 1999; Ngala et al., 1997; Galan et al., 2015): a)
convection due to wet and dry cycling b) leaching of calcium and hydroxides, c) carbonation
of the concrete skin or d) that the concrete “skin” has a different microstructure than of the
concrete bulk. All these processes may overlap with the pure diffusion. The reasons and the
interaction of several of them remain without experimental confirmation. The consequence of
this lack of description of the process is one of main limitations for the accuracy of the
prediction of concrete service life because the error can be of decades.
Present work contributes to study the effect of carbonation in the production of the profile
maximum and in particular, analyses the impact in the chloride testing by pure diffusion
(ponding test), because it is studied the effect of de-carbonating the external salt solution by
boiling the water. The results show that the carbon dioxide dissolved in the solution
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influences the profile shape giving different diffusion coefficient that could explain part of the
scatter in the testing. The results also show that the previous carbonation does not prevent
completely the chloride binding, that also impacts in the value of the diffusion coefficient
deduced from fitting of the error function equation.

2 Experimental
The cement used was an OPC of low C3A content (CEM I 52.5 N-SR). Its chemical
composition is shown in Table 1.
SiO2
19.868

Al2O3
3.751

Table 1. Chemical composition (%) of CEM I 52.5 N-SR 5.
CaO
Fe2O3
K2O
MgO
Na2O
64.356
4.052
0.65
0.624
0.65

SrO
0.051

The specimens were of paste in order to avoid the influence of the aggregate proportion in
the further analysis. The w/c ratio was of 0.4. Three cylindrical paste specimens of 200 mm
height and 150 mm diameter were moulded. After setting and hardening for 24h, the
specimens were cured in the humid chamber with humidity higher than 95% and temperature
about 23oC for 6 further days. After removing the specimens from the curing chamber, the
three specimens were cut horizontally by its half, in order to have the tests by duplicate
exposing the same surface (the cut one) to the salt solution.
The following conditions were tested:
1. Normal salt solution of 30 g/l of NaCl
2. De-carbonated: salt solution of 30 g/l de-carbonated by boiling the water before
adding the salt in order to expel out the dissolved gases (air)
3. Pre-carbonated: the specimen was first carbonated and then submitted to the 30 g/l
NaCl solution.
When the specimens were cut to have the duplicate samples, two of the set (1 and 2) were
sealed on all faces except the exposure surface and a pond was placed on the top (cut surface):
in set-1 non-de-carbonated and in set 2 the solution was previously de-carbonated.
The other two duplicates of the set-3 were introduced in a carbonation chamber at 100%
CO2 during 30 days. Then, the pond was placed on the cut surface with a normal solution of
NaCl for 90 days. The pond was covered with a plastic film in order to minimize the
progressive uptake of air by the solution during the exposure time.
Finally, when removing the pond, chloride profiles were made by grinding the specimens
mm-per-mm and analysing the chlorides (total and water soluble) (Castellote et al., 2002;
Castellote et al., 2002a; Cen 12390-11 2009). In the powder samples it was also determined
the portlandite and carbonate contents by Differential Thermal Analisys (DTA).

3 Results
The chloride profiles of the three set of specimens are given in Figure 1. The three profiles
differ significantly, mainly when the sample was previously carbonated. Each profile is the
average of the duplicate samples, which gave very similar ones. The symbols here and in the
rest of Figures are: Set-1 (NaCl), set-2 (Cl+CO2), set-3 (CO2).
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All the profiles of the three set show a maximum some mm far from the concrete surface.
Contrary to what was expected the highest chloride concentration is shown by the set-2 with
non-de-carbonated solution. The smallest chloride concentration is logically given by the
sample previously carbonated, although the high difference between total and water-soluble
chlorides indicates that there is significant amount of bound chlorides.

Total and soluble Cl profiles
NaCl-soluble
NaCl total
Cl+CO2 soluble

Cl by sample mass (%)

1,6
1,4
1,2
1
0,8
0,6
0,4
0,2
0
0

2

4

6

8

10

12

14

16

depth (mm)
Figure 1. Chloride profiles of total and water soluble chlorides (average of the duplicated samples) of the three
set of tests. The symbols here and in the rest of Figures are: Set-1 (NaCl), set-2 (Cl+CO2), set-3 (CO2).

In Figure 2 is given the relation between the soluble chlorides (named free in the Figures)
and the total chlorides in function of the depth of penetration. All the relations are around
0.1% denoting very high binding ability of the cement, in spite of its low C3A content. This
binding is attributed to the chloride adsorption in the C-S-H gel and in the portlandite (Florea
and Brouwers, 2012). It is interesting to notice that the relation is not constant because it
decreases with the depth and it is a bit smaller in the case of the carbonated specimen. Finally,
it is important also to notice that the highest value of soluble chlorides appear in the case of
normal salt solution (non-decarbonated set-2) in the depth where the maximum appears and
that, therefore, it is the reason of the higher total value.

931

Carmen Andrade

Relation of free/total

Cl by sample mass (%)

only Cl

Cl+CO2

only CO2

0,25
0,20
0,15
0,10
0,05
0,00
0,5

1,5

2,5

4

6

8

10,5

14

depth (mm)
Figure 2. Ratios of free/ bound chlorides in the three set of specimens.

Apparent Diffusion Coefficient
(cm2/s)

Total CL

Free

1,00E-06

1,47E-07
1,00E-07

1,17E-07

4,57E-08

1,00E-08
Only Cl

Cl+CO2

only CO2

Figure 3. Apparent Diffusion Coefficient calculated through the fitting of the error function equation into the
profiles of Figure 1.

The diffusion coefficient and the surface concentration deduced from the fitting of the
error function equation into the profiles, are given in Figures 3 and 4 respectively. The
diffusion coefficients, Dap, differ between the three set and also between fitting into the
soluble and total chloride profiles, being smaller if fitted into the soluble chloride profile.
The highest value of both parameters is given by the normal salt solution (set-2) and the
smallest surface concentration but highest Dap, in the case of the pre-carbonated specimen
(set-3).
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1,6

1,36

1,4

1,14

1,2
1
0,8

0,6564

0,6
0,4
0,2
0
Only Cl

Cl+CO2

only CO2

Figure 4. Chloride surface concentration calculated through the fitting of the error function equation into the
profiles of Figure 1.

The results of the Portlandite and Calcite contents calculated from DTA analysis are shown
in Figure 5 to 7 together with the chloride profiles. One first surprise is that the content of
calcite in the surface of the concrete is a bit higher in the sample with de-carbonated solution,
which indicates that the carbon dioxide has been uptake during the exposure of the 90 days in
spite of the covering of the pond. Other observation is that the calcite profile is decreasing
towards the interior and the portlandite, on the opposite, is increasing. Then, the carbon
dioxide is reacting at least with the portlandite and carbonation is produced. The precarbonated specimen shows logically the highest proportion of calcite, but it is also
decreasing towards the interior, which means that the specimen was not homogeneously precarbonated and it shows the maximum Calcite content (around 12%) in the surface.
The presence of calcite seems to have a direct relation to the production of the maximum in
the chloride profile.
NaCl

CO2+Na Cl

NaCl

Port

Cl+Co2

Port

8

8

Total (% mass)

Total (% mass)

10

6
4
2
0
0

5

10

15

distance (mm)
Figure 5. Profiles of calcite,
portlandite and total chlorides in set-1.

6
4
2
0
0

5

10

15

distance (mm)
Figure 6. Profiles of calcite,
portlandite and total chlorides in set-2.
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CO2

CO2
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Calcite

14
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6
4
2
0
0

5

10
distance (mm)

15

Figure 7. Profiles of calcite, portlandite and total chlorides in set-3.

4 Discussion
The results enable to emphasize that carbonation is not only produced in unsaturated
conditions, but it is also produced by the air dissolved in the water in contact to a saturated
concrete.
With respect to the mechanism of production of the maximum in the profile, there will be
commented further the pre-carbonated sample (set-3) and first the other two cases (set 1 and
2). In set-2, the salt solution has “free” CO2 gas and bicarbonates due to its neutral pH value.
The bicarbonate will be transformed into carbonate ion as soon as it entries in contact to the
high alkalinity of the pore solution leading into the precipitation of calcium carbonate, while
the calcium bicarbonate is soluble and does not precipitate. There is a buffer of
carbonate/bicarbonate at pH = 10.4. The bicarbonates can diffuse inside the sample producing
again CO3= ions. The pH value (OH- content) simultaneously decreases, also because its
leaching out due to the external pH value is neutral.
In set-2 with the standard salt solution, the chlorides and the bicarbonate entry
simultaneously but the chlorides have higher ionic mobility. They penetrate first and bind
with the hydrated phases (Afm phases, C-S-H gel and portlandite). The bicarbonate arriving
later, on one hand, exchanges with the chloride in the hydrated phases releasing free chlorides
to the pore solution, which move inwards again. They cannot move backwards due to the
concentration gradient. On the other hand, the bicarbonates become carbonate ion due to the
high alkalinity, precipitating CaCO3. The CaCO3 nucleation will physically cover the pore
walls, decreasing the reactive sites for the chloride in the hydrated phases. Consequently. The
total chloride decreases in the carbonated zone.
The maximum is produced because the pushing inside of the released Cl by the
carbonation from the bound ones. The CO2 in the salt solution acts as an intensifier of the
chloride penetration. The profile advances due to the gradient between the maximum and its
farther front inside the concrete. All the profile moves a step forward. New chlorides have to
penetrate from outside to maintain the equilibrium with the bound chlorides to fulfil the so
called chloride isotherm (Tang and Nilsson, 1993), all along the profile. That is, the
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progressive carbonation of the skin decreases its bound and total chloride content, but does
not stop the chloride penetration due to the need to maintain the Bound/ free chloride
equilibrium, although this carbonation perhaps reduces with the time the amount of
penetrating chlorides and it is one of the reasons of the “aging” effect (decrease with time of
the diffusion coefficient). The external carbonated zone acts as a “filter” by the progressive
decreasing the chloride flow.
In set-1 with the de-carbonated salt solution, the profile shape is similar than in set-2, but
the total amount of chlorides is smaller. If the bicarbonates are in smaller amount, the
carbonation will be less intense and the amount of exchanged chlorides in the interior of the
pores will be smaller, and so the released free chlorides. The maximum in the profile is
produced, but the total chlorides are smaller.
In the case of the pre-carbonated specimen (set-3), the profile shape is different than the
other two set, because it is flatter. The total chloride is even smaller than in set-2 due to the
reactive sites, from the beginning, are in much smaller amount. Also less chloride amount
penetrate perhaps due to the smaller porosity produced by the carbonation. In addition, the pH
of the pore solution is neutral, and then the bicarbonate will not be converted into carbonate
when entering in the pore network. The neo-formed calcite will be in less amount. The
specimens have more calcite due to the previous carbonation.
In this set-3, the pre-carbonation has not being complete enough to stop binding and then,
it is remaining Afm, C-S-H and portlandite that are able to adsorb chlorides (Figure 1). This
behaviour helps to conclude that the carbonation influences in a different manner the chloride
penetration when it is produced previously, than when it is simultaneous to the chloride
penetration. One main difference found is the pH value, because while the accelerated
carbonation previously decreases the pH of the pore solution towards neutrality, similar to
that of the salt solution, in the case of the CO2 in the solution (set-2), the pH value of the pore
solution is initially alkaline.
In summary, not only the carbonation itself, but the equilibrium carbonate/bicarbonate,
which is pH dependent, seems to have a key role in the production of the maximum in the
chloride profile. This evidence indicates the need to continue the understanding of the process
by studying the diffusion of the bicarbonate ion into the pore network, because it seems that
the HCO3- as being soluble, is a competitor of the chloride to be bound in the reactive sites
and
because it is evolving to carbonate at high pH level, inducing the precipitation of calcium
carbonate, physically affecting the contact area of the pore solution and the reactive hydrated
phases.

5 Conclusions

- The air (CO2) content of the salt solution influences the chloride profile and in

consequence, the calculated diffusion coefficient.
- The most aggressive condition (enabling higher chloride penetration) opposite to what was
the hypothesis, is that of the standard salt solution (non-de-carbonated). This enables to
confirm that present testing conditions for natural diffusion, are the most convenient ones.
- The pre-carbonation of the specimen leads into smaller amount of penetrated chlorides and
a flatter profile.
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- The production of the maximum in the chloride profile is attributed to the higher ionic

mobility of the chlorides with respect to the carbonate/bicarbonates. Chloride binding is
produced before the advance of the CO3=/HCO3=. When carbonation is produced behind
the chloride penetration, chlorides are released that move forward making the profile to
advance.
- In the external layers of concrete the bound chlorides are smaller due to the carbonation.
This mechanism may contribute to the known as “aging effect”.
- Bound chlorides have to be in equilibrium with the free chlorides given by the
corresponding isotherm.
- Previous carbonation decreases the amount of reactive sites for the chlorides although may
not fully exhaust them.
- A maximum is also noticed in the pre-carbonated specimen attributed to the same
mechanism than the non-carbonated, as in the material remain sites for chloride
adsorption.
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Abstract. Hygrothermal models are important tool for assessing the risk of moisture-related
decay mechanisms in historic masonry structures. However, there are significant uncertainties
in the process related to material properties, boundary conditions and quality of construction
that effect confidence in the model’s predictions compared to measured values. This paper
examines one potential source of uncertainty; the imperfect nature of mortar joints in masonry
walls, exemplified by such things as open joints, hairline cracks and imperfect bonds at the
interface between mortar and unit. These are rarely considered in hygrothermal modelling in
detail, where perfect interfaces are typically inferred. The premise is that at this interface,
liquid transport behaviour is more similar to that of a fracture than that of a bundle of
capillaries. These fractures of varying heights (or aperture) can affect transport into and out of
the plane of the wall (perpendicular plane) and impede the liquid transport between mortar
and the masonry unit (in-plane). This could lead to the “effective” moisture transport being
different than what would be predicted using measured bulk material properties. A more
detailed method for modelling this interface, borrowing techniques from the field of
geohydrology is presented which demonstrates the effect that detailed modelling of the mortar
joint has on moisture transport in masonry. A brick wall with cement mortar is studied. A twodimensional hygrothermal model was created to demonstrate the effect of increased liquid
conductivity into the wall cause by fractures.
Keywords: Masonry, Hygrothermal Simulation, Moisture Transport, Calibration, Mortar.

1 Introduction
Hygrothermal models are an important tool for assessing the risk of moisture-related decay such
as biological growth (mould and wood rot fungi), corrosion and freeze-thaw action in building
envelopes. There are several gaps in our understanding and application of hygrothermal
modelling involving uncertainty of material properties, boundary conditions, two-dimensional
interactions and quality of construction. This can make it difficult to calibrate hygrothermal
models to in-situ measurements and without calibration, our confidence in a hygrothermal
model’s predictions is lessened.
This paper examines one potential source of uncertainty; namely, the imperfect interface
between mortar and the masonry unit. Imperfections may take the form of open joints (mm
range), hairline cracks (μm range), or an imperfect bond between the mortar and the unit (Figure
1). These can be caused by structural displacements, shrinkage, decay/maintenance or inherent
from its construction. It is intuitive to assume that a large presence of these openings will
increase moisture transfer into the wall caused by wind-driven rain. The question is how much
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and how do we properly account for this in hygrothermal simulations?

Figure 1. Sandstone masonry wall with open joint (Orange arrow) and hairline crack (dark blue arrow) between
stone and mortar.

This paper proposes a methodology for explicitly modelling imperfections at the masonry
interface by modelling this region as a fracture. The models assume a varying crack width (also
called aperture). Material properties of the fracture are derived from fundamental principles for
moisture retention and liquid conductivity.

2 Literature Review
Hygrothermal modelling software simulates the coupled heat and moisture flow (vapour and
liquid) through building envelopes and assemblies using finite-element methods. The coupled
heat and moisture equations are given in Equations 1 and 2:
(1)
(2)

Of particular interest to this paper is the term for liquid conductivity kl. This controls the rate
of liquid water ingress into a material by a capillary pressure gradient. Liquid conductivity is a
function of moisture content and can be estimated from water absorption tests or pressure plate
apparatus.
2.1

Masonry Interface

Previous studies have looked at moisture transfer at the interface and have shown that there is
an interface resistance (RIF) which inhibits transfer from one material to the other. This is
analogous to contact resistances in the heat transfer of electronics. The presence of an interface
resistance is caused by one of two reasons. The first is an imperfect contact between the two
materials which forces water to travel across the interface through vapour diffusion instead of
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the faster capillary method. The second reason is migration of fine particles toward the mortar
joint during the curing stages (Brocken, 1998). The fine particles form smaller pores near the
interface, and this reduces liquid flow.
Laboratory testing has measured the interface resistance between 1.0E08 and 1.0E12 m/s
(Calle, De Kock, Cnudde, and Van den Bossche, 2019; Derluyn, Janssen, and Carmeliet, 2011;
Qiu, Haghighat, and Kumaran, 2003). Simulations have demonstrated the effect that the
interface resistance have on moisture uptake (Vereecken and Roels, 2013; Zhou, Desmarais,
Vontobel, Carmeliet, and Derome, 2018). These methods only consider moisture transfer across
the interface and not parallel to it.
2.2

Fractures in Masonry

There have been previous studies exploring water uptake in fractured building materials. Roels
(2003) examined water uptake in a fractured brick sample and Rouchier (2012) modelled a
detailed 2D crack network in a sample of concrete. Both studies required a detailed geometry
of the fracture to be defined and meshed into a finite – element model. This is time and
computationally expensive. It is also highly unfeasible to do on anything greater than a small
sample. Modelling with an assumed fracture width will remove this need.
These simulations were also done on homogenous materials, meaning that the material was
the same either side of the fracture. In a masonry interface that is not true as the material
properties of the two adjacent materials may be quite different. These studies also looked
primarily at water uptake and did not consider the drying phase.
2.3

Capillary Mechanics

Hygroscopic materials are often idealized as a bundle of round capillaries or pores of varying
sizes. With knowledge of the pore size distribution though porosimetry or other means, it is
possible to infer many of the important hygroscopic material properties required to model
moisture transport. This includes the moisture retention, liquid conductivity and vapour
diffusion curves. The Young-Laplace equation relates capillary pressure to pore radius:
Δ𝑃𝑃 =

2𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾

(3)

𝑟𝑟

If the capillary suction pressure is greater than this, a capillary with this radius will not be
filled. The Kelvin Equation describes the relationship between vapour pressure and
condensation inside the capillary:
LN (

𝑝𝑝

𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠

)=

2 ΓV M

(4)

RRT

These equations combined with the pore size distribution allow for construction of the
moisture retention curve, describing the relationship between saturation and capillary suction
pressure. Narrower pores retain moisture longer and larger pores catch and release moisture
more easily.
Moisture retention curves can be measured in the laboratory or estimated with the Van
Genuchten equation, where α and n are material- specific parameters (van Genuchten, 1980).
𝑃𝑃𝑐𝑐 = [𝑆𝑆
1

𝛼𝛼

−(

𝑛𝑛

)

𝑛𝑛−1

𝑒𝑒𝑒𝑒𝑒𝑒

− 1]

1
𝑛𝑛

(5)
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Liquid Conductivity is also a function of the capillary radius and can be calculated through
the Hagen-Poiseuille equation:
𝑘𝑘𝑙𝑙 =

𝜌𝜌𝜌𝜌 2

(6)

8𝜂𝜂𝑙𝑙

Liquid transport only occurs when capillaries are filled. Therefore, liquid conductivity is a
function of saturation and exponentially increases with saturation. The moisture-dependent
conductivity kl(θl) can be estimated by integrating the Hagen-Poiseuille over the range of active
capillaries or by using the Burdine relative permeability approach (Burdine, 1953).
𝜌𝜌

𝑅𝑅

𝑘𝑘 (𝜃𝜃 ) = ∫
𝑙𝑙

𝑙𝑙

𝜋𝜋𝜋𝜋 4 𝑑𝑑𝑑𝑑

𝜏𝜏 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 8𝜇𝜇𝑙𝑙 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

(7)

The theoretical curve will not match the measured liquid conductivity curves (Scheffler,
Grunewald, and Häupl, 2004). Tortuosity (τ) is included in this equation to account for the
reduction in flow due to tortuosity, pore shape and the degree of interconnectivity of pores.
Likewise, vapour diffusion can be estimated from fundamentals, but is not discussed here.
Determining the hygroscopic properties of a fracture is similar to the process for determining
those of capillary materials. To begin, we need to determine the size of the aperture with which
liquid is flowing, similar to what is learned from the pore size distribution. Aperture (h) is the
distance between the boundary surfaces of the fracture. Apertures are not constant in real-world
applications because it widens and contracts along its path and generally follows a tortuous
path. There are two methods for determining an “effective” aperture. The first is to use the
average aperture (h̅ ), and the other is to use the hydraulic aperture (hH) which is the value which
would make the cubic law true (Zimmerman and Bodvarsson, 1994).
Typical apertures in subterranean rock are reported to be in the 0.001-0.1 mm range
(Pyrack-Nolte, Myer, Cook, and Witherspoon, 1987). Fractures in building materials range are
in a similar range ((Roels et al., 2003; Rouchier, 2012). Anything much smaller than this and
liquid transport is greatly reduced.
The hygroscopic material properties of the fracture can be calculated with a few distinctions
to that of capillary materials. The liquid conductivity is calculated with the cubic-law or
Reynold’s Equation, the difference being a change in the denominator.
𝜌𝜌 ℎ2

𝑘𝑘𝑙𝑙 = 12𝜂𝜂

𝑙𝑙

(8)

Fractures can also have a much higher porosity with few obstructions. A smooth moisture
retention curve can be created if an aperture distribution is assumed. The larger the aperture the
further to the left the curve will be.

3 Methodology
DELPHIN 6.0 was used for hygrothermal simulations (Bauklimatik Dresden, 2018). DELPHIN
allows input of custom material properties including direction-dependent properties, detailed
moisture retention curves, and moisture-dependent liquid and vapour transfer coefficients.
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3.1

Material Properties

The first step was to define material properties of the masonry. Typical bulk material properties
for brick and cement mortar were determined by the taking median values for all materials of
its class in the DELPHIN library. The moisture retention curve for each material was estimated
using a unimodal Van Genuchten with parameters n and α where calculated using least-squares
regression.
Table 1. Bulk material properties used in hygrothermal simulations.
Position
θ [--]
λ [W/m-K]
μ [--]
kl, eff [s]
n [--]
α [1/Pa]

Clay Brick
0.294
0.682
20.2
2.21E-09
1.55
1.00

Cement Mortar
0.2296
0.723
25.6
9.053E-12
1.48
2.172

The approach for creating the liquid conductivity curve was to use the theoretical curve
(Equation 7) below the capillary water content (θ) scaled by the tortuosity (τ).
𝜏𝜏 =

𝑘𝑘𝑙𝑙(𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐)
𝑘𝑘𝑙𝑙,𝑒𝑒𝑒𝑒𝑒𝑒

(9)

The liquid conductivity above the capillary suction curve was held fixed at kl,eff. For
simplicity, sorption hysteresis, temperature or moisture-dependent thermal properties and air
permeability were neglected for the purposes of this experiment.
The fracture material properties were calculated based on apertures in a range from 0.25μm
to 10μm. The fractures were modelled as a normally distributed curve with standard deviation
of (h/2). This was done to smooth the moisture retention curve and help the numerical
calculations. At high degrees of saturation, the liquid conductivity of the fracture is several
orders of magnitude greater than the brick and mortar. It is less pronounced at lower degrees of
saturation. Even though the exposed area of the fracture is small it can contribute to an increase
in overall moisture transport.
3.2

Finite-Element Model

There are three materials in the finite element model shown in Figure 2: unit, interface and
mortar. The dimensions of the model (taking advantage of symmetry) are 5mm thick mortar, x
mm aperture and 28mm brick. The width of the assembly is 92mm.
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-- Mortar Line 2
-- Mortar Line 1
-- Brick Line 1

--Brick Line 2

-- Brick Line 3

Figure 2. Finite Element Model (interface is not drawn to scale).

3.3

Boundary and Initial Conditions

The simulation was performed under the following boundary conditions:
1. Water Uptake – All materials set to 50%RH and exposed to a capillary pressure of 0.025m on one side only. This was done to mimic a water absorption experiment.
2.

Drying – All materials are set to 99.99%RH and exposed to an RH of 30% on one side.

All other sides are adiabatic and there is no temperature gradient, sources/sinks in the model.

4 Results
A sample of the results are shown in Figure 3 and Figure 4 for the moisture content of the brick

Figure 3. Moisture content of the brick adjacent to the fracture at 20mm depth (left) and 80 mm depth (right).
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Figure 4. Moisture content of the brick at centreline of brick at 20mm depth (left) and 80 mm depth (right).

adjacent to the fracture and at the centreline of the brick. The results show that there is a
significant change in moisture content depending on the aperture height. What is interesting to
note is that there does not appear to be a linear relationship between moisture absorption and
aperture, in fact it appears to be parabolic. Both sets of graphs show that a 1 μm aperture (green)
has the minimum uptake while both smaller apertures (purple and red) and larger apertures
(blue and orange) have increased absorption. The smaller apertures, while having a lower
maximum flow rate are easier to fully wet and become active at higher capillary pressures. The
larger apertures need extremely low (and in the reality of building walls, extremely rare)
capillary pressures to become active and allow liquid to flow. The effect was noticeable
adjacent to the fracture and the centre of the unit.
The simulation was performed on a sandstone/lime mortar combination with roughly twice
the material dimensions. The results were not as pronounced as the case of brick/cement mortar
combination. The impact of the fracture appears to be dependent on bulk material properties
and the relative area density of the interfaces.
The drying simulation was performed over the course of one calendar year. The effect of the
fracture was found to be minimal with a reduction in RH of less than 1% at the centre of the
brick. It was determined that any enhancement to vapour diffusion out through the fracture was
minimal.

5 Conclusion
The results of the DELPHIN simulations show that modelling imperfections at the masonry
interface explicitly as fractures can affect simulation results compared to using only bulk
material properties. The presence of fractures greatly increases the liquid conductivity locally
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in a fashion similar to a thermal bridge. Future work will look at incorporating an anisotropic
model into the fracture interface to account for interface resistances across the fractures as well
as under more realistic boundary conditions such as typical meteorological years. Further
research needs to be done to determine what the range of apertures are common in masonry
walls and correlate the models to experimental data. The goal is to determine “effective”
moisture transport coefficients which take into consideration imperfections and twodimensional interactions which can be used by practitioners.
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Abstract. Wood frame construction is the most widespread building method. In Belgium the number of
wood frame buildings has grown in the last years: in 2018 over 10% of all new built dwellings were
wood frame buildings. This increase can be partly attributed to the growing attention for energy
performant buildings with a low environmental impact. In contrary to masonry construction, wood
frame is more vulnerable to moisture problems, mould growth and wood rot. An important risk is water
infiltration through imperfections in the building envelope as a result of driving rain. Therefore it is
important for the design to be resilient and allow drying without consequential damage. To analyze the
drying potential, an experimental set-up with 8 wood frame compartments was built. The compartments
differ in the type of insulation material (mineral wool or cellulose) and the type of vapour retarder (OSB
or smart vapour retarder) that were used. In this way 4 types of compartments were obtained, each
having a different combination of insulation and vapour retarder. Of each combination there are 2
identical compartments. This allows to insert water in one of both, to mimic rain water infiltration from
the outside into the compartment. Temperature, relative humidity and moisture content were measured
on different locations in the construction (in total 92 sensors). In this way, the hygrothermal
performance of the compartments with and without water infiltration can be analyzed, as well as the
drying rate.
Keywords: Wood Frame Construction, Measurements, Drying, Water Infiltration.

1 Introduction
Though masonry is the most common construction method in Belgium, wood frame
construction is gaining more popularity. On the one hand this can be attributed to the stricter
energy requirements and the associated thicker insulation layers. On the other hand, there is
also a growing attention for sustainable construction, i.e. CO2 captured in wood. In 2018, over
10% of all new dwellings were wood frame buildings and that number has increased over the
last years. Also for renovations and extensions to existing buildings, wood frame is interesting
due to its limited weight (Houtinfobois, 2019).
Scandinavian countries or countries such as Canada where wood frame is the main
construction type, are characterised by a cold climate that limits the conditions for mould
growth. In contrast to that, Belgium has a moderate maritime climate with a dominant winddriven rain from south-west orientation. It is therefore crucial to design constructions in a
resilient way to guarantee drying without consequential damage in case of accidental water
infiltration.
This paper therefore investigates the hygrothermal performance and the drying potential of
different wood frame wall constructions subjected to water infiltration, using in-situ
measurements on a test wall.

doi:10.23967/dbmc.2020.039
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2

Experimental Set-up

2.1 Pavilion and Test Wall
A test pavilion (6,60m x 4,37m) called “STEAMlab21” was built in Kortrijk and consists of
two adjacent rooms. Figure 1 shows the floor plan and a vertical section of the pavilion.
The exterior north-west facing wall is replaceable and used as a test wall. The test wall is a
wood frame wall with 8 compartments. The compartments consist of I-joists filled with
insulation material, wood fibre board and a ventilated wooden cladding at the outside. At the
inside a service cavity with a gypsum fibreboard finishing is installed. All other exterior walls
of the pavilion are constructed with SIP panels.
The test pavilion and the test wall were built about one year prior to the measurements
described in this paper and therefore subjected to the outdoor climate.

test wall

Floor plan

Figure 1. Floor plan (left) and section AA’ (right).

Each compartment of the test wall measures 34,4 cm width and 266 cm height. The
compartments differ in the type of insulation material and the type of vapour retarder that were
used. Two types of insulation material were used: mineral wool and cellulose; and two types of
vapour retarder: a smart vapour retarder (SVR) and oriented strand board (OSB). In this way 4
types of compartments were obtained, each having a different combination of insulation and
vapour retarder. Two identical compartments of each combination of insulation type and vapour
retarder were available.
Water is added from the outside in one of the two identical compartments, mimicking rain
water infiltration. In order to avoid mutual influence between the compartments, a vapour tight
coating was applied to the I-joists between the compartments. Figure 2 lists the characteristics
of each wall compartment, while Table 1 shows an overview of the most important material
properties. The U-value of the test wall was 0,10 W/m²K for the compartments with mineral
wool and 0,11 W/m²K for the compartments with cellulose.
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1

2*

mineral
wool

3

4*

5

6*

mineral
wool

cellulose

7

8*

cellulose

window

smart vapour
retarder

oriented strand
board

Figure 2. Schematic overview of the test wall with 8 compartments.
Compartments with water injection are marked with *.
Table 1. Characteristics of the materials used in the test wall.

Material

Thickness (m)

Wooden cladding
Ventilated cavity
Wood fibre board
Glass wool (blown in)
Cellulose (blown in)
Smart vapour retarder
OSB3 board
Service cavity
Gypsum fibre board

0,026
0,022
0,022
0,300
0,300
0,0004
0,015
0,06 - 0,072
0,0125

Thermal
conductivity
(W/mK)
0,090*
0,048
0,034
0,038
0,170
0,130
0,320

Vapour diffusion
resistance factor
(-)
5
1
1-2
Sd 0.25 → 25 m
175
1
13

All data are based on technical specifications, (*) data based on the material database in WUFI.
2.2 Measurement Equipment
Temperature, relative humidity and moisture content were measured on different locations in
the test wall. In total 92 sensors were installed. At the following locations, also indicated in
Figure 3, thermocouples type K (accuracy ±0,1°C) and RH sensors (HIH-40000 Series
Humidity Sensors, accuracy ±3,5% RH) were installed:
 On the inner surface of the wall at two locations: in the middle of the left and right wall
side, at half height
 In the service cavity of each compartment at ± 1,80m height (illustrated in Figure 4, left
photo)
 On the interior side of the insulation layer for each compartment, at two heights: at ±
0,80m and at ± 1,80 m height
 On the exterior side of the insulation layer for each compartment, at ± 1,80 m height
 In the ventilated cavity of the wall at two locations: in the middle of the left and right
wall side, at ± 0,80m and at ± 1,80 m height (illustrated in Figure 4, photo on the right)
All sensors were connected to a data logger that registers the measurements every 15
minutes. Additionally, in each compartment of the test wall two moisture pins were installed
and connected to the data logger: one in the bottom plate and one in the I-joist to measure the
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moisture content of the wood. Unfortunately, the results of these moisture content
measurements showed to be unreliable and therefore they are not included in this paper.
Furthermore the temperature and relative humidity of the indoor and outdoor climate were
monitored. A HOBO U12-013 was used to monitor the indoor temperature (accuracy ± 0,21°C)
and relative humidity (accuracy ± 2,5 % RH). A HOBO U23 Pro v2 logger was located outside
shielded from direct sun irradiation and precipitation for measuring temperature (accuracy ±
0,21°C) and relative humidity (accuracy ± 2,5 %RH).
A convector was installed in the test room to control the indoor climate. The set point was
20°C. Furthermore, a fan was used to ensure well-mixed air conditions.

Figure 3. Scheme with location of the sensors in the test wall.

2.3 Water Infiltration
In 4 compartments (2, 4, 6 and 8) 0,2323 l water was injected into the insulation layer. Figure
4 (photo on the right) shows the outside of the test wall with the infiltration tubes at half height.
The tubes were installed in such a way that the water is infiltrates between the wood fibre board
and the insulation layer.
The amount of water was calculated based on the horizontal rain load during a heavy rain
shower with a duration of 4 hours in Belgium (rain load 72,4 mm or 18,1 mm/h based on data
from RMI), the measured wind speed during a realistic rain event (based on Van Goethem,
2014) and a worst case infiltration percentage of 0,6% of the incident rain that infiltrates in the
construction. The latter was based on water infiltration measurements in a typical cavity wall
construction (Geldof, 2016). In this way, a rather high amount of rain water infiltration was
obtained, based on the maximum rain load.
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Figure 4. View on the compartments from the inside (photo left) and view on the outside with
water infiltration tubes, indicated with a red circle (photo right).

3 Measurement Results
Measurements were carried out for 30 days from April 28th to May 27th 2019 every 15 minutes.
Water was injected on April 30th 2019 at 2 pm. After the water was injected, measurements ran
for 27 days.
3.1 Moisture Buffering Effect

60
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40
35
MW + OSB
30

CEL + OSB

28/04/2019
29/04/2019
30/04/2019
1/05/2019
2/05/2019
3/05/2019
4/05/2019
5/05/2019
6/05/2019
7/05/2019
8/05/2019
9/05/2019
10/05/2019
11/05/2019
12/05/2019
13/05/2019
14/05/2019
15/05/2019
16/05/2019
17/05/2019
18/05/2019
19/05/2019
20/05/2019
21/05/2019
22/05/2019
23/05/2019
24/05/2019
25/05/2019
26/05/2019
27/05/2019

Relative humidity at interor side of insulation layer at
upper measurement location (%)

Figure 5 shows the course of the relative humidity in the insulation layer for a compartment
filled with mineral wool (compartment 5) and a compartment filled with cellulose insulation
(compartment 7). In both compartments, there was no water infiltration.

Figure 5. Course of the RH measured at the inside of the insulation layer (upper measurement location) for a
compartment with mineral wool (comp. 5) and cellulose (comp. 7), both without water infiltration.

Figure 5 shows that the relative humidity fluctuates a lot more in the compartments filled
with mineral wool compared to the compartments filled with cellulose insulation. This
observation is expected and can be explained by the hygroscopic characteristics of cellulose.
The oriented strand board has similar moisture buffering characteristics, but because the
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thickness of the layer is limited (0,015m), this effect is rather small.
3.2 Moisture Increase and Drying Rate
When the measurement results were analyzed it was clear that the injection of water was mainly
visible at the interior side of the insulation (lower measurement location). The relative humidity
clearly increases when water is injected.
Figure 6 compares the relative humidity of the wall compartments with and without water
infiltration for each combination of insulation and vapour retarder. The moment water is
injected into the construction can be clearly read from the graphs (also indicated with a black
arrow). The graphs show that the relative humidity increase is higher for the compartments with
mineral wool than for the compartments with cellulose insulation. This can again be attributed
to the hygroscopic characteristics of cellulose.
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Figure 6. Course of the RH measured at the inside of the insulation layer (lower measurement location) for all
compartments, with and without water infiltration.

Figures 7 and 8 show the relative humidity course measured at the interior side of the
insulation (upper measurement location) and at the exterior side of the insulation for
compartments 1 and 2, and 3 and 4 respectively. It is clear that the water injection is harder to
observe from these measurement locations. For the compartments with mineral wool (Fig. 7)
the relative humidity of the dry compartment is slightly higher than the relative humidity of the
wet compartment, although the difference is still within the accuracy of the sensor. For the
compartments with cellulose insulation (Fig. 8) the relative humidity of the wet compartment
is slightly higher than the relative humidity of the dry compartment, but the difference is very
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limited. For the other compartments, similar observations were made. This suggests that the
injected water mainly runs down at the interior side of the insulation layer, especially for the
compartments with mineral wool because the moisture buffering capacity of mineral wool is
very low.
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Figure 7. Course of the RH measured at the inside of the insulation layer (upper measurement location) (left)
and at the exterior side of the insulation layer (right) for the compartments with mineral wool and SVR (1 & 2).
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Figure 8. Course of the RH measured at the inside of the insulation layer (upper measurement location) (left)
and at the exterior side of the insulation layer (right) for the compartments with cellulose and SVR (3 & 4).

In order to estimate the drying rate of the test compartments, the relative humidity of the wet
and dry compartment of each construction type are compared (lower measurement location at
interior side of insulation) in Figure 9 (graph left). The relative humidity difference increases
faster in the compartments filled with mineral wool compared to the compartments filled with
cellulose. Similarly, the drying rate of the compartments with cellulose is lower.
For the compartment with mineral wool and SVR (compartment 2) and with mineral wool
and OSB (compartment 6), the drying period is ± 14 days and ± 21 days respectively. For the
compartments with cellulose (compartments 4 and 8), the drying period is considered longer
then the measurement period (> 27 days). For compartment 8 an increase in RH is noted after
21 days (May 21th), but no explanation for this observation could be found.
Drying out is considered mainly towards the inside of the construction. Figure 9 (right-hand
graph) compares the measured vapour pressure in the insulation layer (interior side, lower
measurement location) with the vapour pressure in the service cavity. For compartment 2 with
mineral wool drying starts immediately after water infiltration, while for compartment 4 with
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cellulose there is a time delay and drying starts later. During measuring, there were no internal
moisture loads.

Figure 9. Difference in RH between wet compartment and the dry compartment (left) and vapour pressure in the
insulation layer and service cavity for compartments 2 (MW + SVR) and 4 (CELL + SVR).

4 Conclusions
The aim of the study was to analyze the hygrothermal performance of wood frame construction
subjected to accidental water infiltration. The results showed that the drying rate was faster for
the compartments with mineral wool, and for the compartments where a smart vapour retarder
was used. Also moisture buffering in the cellulose was clearly observed. In all cases, the
construction dries out and no moisture damage is expected at first glance. However, further
research should give insight in the moisture content of the wooden elements (bottom plate, Ijoists) when water runs down. In the experiment water was injected at only one moment in time.
In reality, water could leak into the construction in a more contentious way. This was not taken
into account here. Also, parameters such as the moment of water injection, orientation of the
test wall and boundary conditions (e.g. presence of internal moisture loads) will have an effect
on the resulting drying rate and should be studied in more detail.
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Abstract. Hemp and Recycled Aggregates Concrete (HRAC) is a sustainable concrete where coarse
aggregates are partially replaced with industrial hemp fibers and recycled concrete aggregates
(RCA). This replacement has two main benefits: it saves on natural resources and it recycles and
reuses waste material. Previous studies showed that the mechanical performance of HRAC is
satisfactory. On the other hand, concrete’s durability is also an important criterion to evaluate
concrete’s performance and HRAC’s durability can be affected by the presence of both RCA and hemp
fibers in the concrete’s alkaline environment. This paper aims at investigating the durability of HR A C
concrete mixes by comparing the mechanical performance of HRAC specimens at the ages of 2 and 28
days. Furthermore, the performance of HRAC under freeze/thaw cycles is evaluated and compared to
that of regular concrete. Results showed that the mechanical performance of HRAC improves at older
age and the resistance of HRAC mixes to freeze-thaw cycles is similar to that of control mixes.
Keywords: Sustainable Concrete Materials, Recycled Aggregates, Hemp Fibers, Durability,
Mechanical Properties.

1 Introduction and Background
Sustainability has become an essential issue on a global scale in the recent years. Therefore,
construction, among other sectors, is reviewing its practices to make them more
environmentally friendly and reduce their negative effect on the planet as a whole.
Concrete production consumes large quantities of natural aggregates causing significant
damage to the environment. To reduce the amount of natural aggregates used in concrete
HRAC is proposed. This is a concrete mix where hemp fibers are incorporated in the mix, the
amount of natural coarse aggregates (NCA) is reduced by 20%, and where 50% of NCA are
replaced by RCA.
HRAC also helps in reducing the problem of construction and demolition wastes (CDW)
which are a mixture of surplus materials generated during new construction, renovation, and
demolition of buildings, roads, bridges, and other structures (Cheng et al., 2013)
A sustainable concrete should be also durable; therefore, it is important to study the ef fect
of the incorporation of hemp fibers and RCA on the durability properties of concrete.
Ramli et al. (2013) studied the durability of coconut-fiber-reinforced concrete in
aggressive environments. Results showed that the damaging effects of aggressive
environments on concrete can be lowered with fiber-reinforced concrete since the fibers play
a role in restraining the development of cracks. Awwad et al. (2014) investigated the longterm behavior of concrete incorporating hemp fibers and concluded that at an age of 1.5 years
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hemp fibers did not have a negative effect on concrete strength. Vázquez et al. (2014) f ou nd
that the presence of RCA in concrete can improve the resistance to chloride penetration since
C-S-H gels that exist in higher amounts in RCA assist in chloride binding. Also, the resistance
of high-performance concrete with RCA to freezing can be similar to that of normal concrete
(Ajdukiewicz et al., 2002). The carbonation depth increases with the increase of RCA
replacement ratio, but Lei et al. (2008) found that when the percentage replacement of NCA
with RCA was higher than 70%, the carbonation depth decreased, which may be due to the
adhered mortar on the RCA which increases the total cement content and slows down the
carbonation rate.
In this paper, the durability of the proposed HRAC is investigated by evaluating its
mechanical performance at the age of 2 years and by studying its resistance to freeze-thaw
cycles.

2 Materials and Experimental Procedures
Sixteen different mixes were prepared and are identified in Table 1. The mixes are divided
into two groups: Group 1 with MSA of 10 mm and Group 2 with MSA of 20 mm. The control
mixes with no hemp fibers and no coarse aggregate reduction are referred to as N10 (NCA
with MSA = 10 mm) and N20 (NCA with MSA = 20 mm), and were designed to achieve a
concrete compressive strength of 30 MPa. R10 and R20 are two mixes with 50 percent
replacement of NCA with RCA, no hemp fibers, and also no reduction of coarse aggregate
content.
The other twelve mixes with hemp fibers are identified by a three-part notation. The f irst
part is N (100% NCA) or R (50% replacement of NCA with RCA) and 10 or 20 mm are the
MSA. The second part of the notation refers to the length of the hemp fibers (H20 is 20 mm
and H30 is 30 mm). The third part is the type of fiber treatment where T1 is alkali treatment
and T2 is acetyl treatment. A total of 7 HRAC mixes were used.
Based on the reported studies of Awwad et al. (2014), hemp fibers in mixes with fibers
were added in a volumetric percentage of 0.75% of the volume of concrete. The weight of the
fibers was then calculated based on the average density of the fibers determined to be 1,400
kg/m3. The weight of the coarse aggregates for these mixes was also reduced by 20% of the
concrete volume.
To study the long-term mechanical performance of HRAC, compressive strength tests,
flexural strength tests and modulus of elasticity tests were performed at an age of 2 years for
14 of the 16 mixes and the results were compared to the results at 28 days presented in
previous studies (Ghosn et al., 2019). The tests were done according to ASTM C39 (2017),
ASTM C78 (2016) and ASTM C469 (2014) respectively. For each test, 2 replicates were
made for each mix.
The resistance to freeze-thaw cycles was conducted according to ASTM C666 (2015). For
each mix, one prismatic specimen (75x100x405 mm) was cast and cured in water for 28 days.
Each specimen was then brought to a temperature of -18 °C and tested for fundamental
transverse frequency. Then, the specimens were exposed to 144 cycles of free zing and
thawing. Each freezing-and-thawing cycle consisted of lowering the temperature of the
specimens from 4 to -18 °C and raising it from -18 to 4 °C in a period of 4 hours and 40
minutes.
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Group 2
MSA = 20 mm

Group 1
MSA = 10 mm

Table 1. Identification of the concrete mixes.
Mix No.

Mix ID

1
2

N10 (Control10)
R10

MSA
(mm)
10
10

3
4
5

N10-H20-T1
R10-H20-T1
R10-H20-T2

10
10
10

6
7

N10-H30-T1
R10-H30-T1

8
9

% Replacement of
NCA by RCA
0
50

Fiber Length
(mm)
-

Fiber
Treatment
-

0
50
50

20
20
20

Alkali
Alkali
Acetyl

10
10

0
50

30
30

Alkali
Alkali

N20 (Control20)
R20

20
20

0
50

-

-

10
11
12
13

N20-H20-T1
R20-H20-T1
N20-H20-T2
R20-H20-T2

20
20
20
20

0
50
0
50

20
20
20
20

Alkali
Alkali
Acetyl
Acetyl

14
15
16

N20-H30-T1
R20-H30-T1
R20-H30-T2

20
20
20

0
50
50

30
30
30

Alkali
Alkali
Acetyl

The specimens were tested for their fundamental transverse frequency each 36 cycles. The
fundamental transverse frequency (n) was determined according to ASTM C215 (2008) using
Humboldt HC-3177 Resonance Test Gauge. The relative dynamic modulus of elasticity
(RDME) was then calculated as follows:
𝑃𝑃𝑐𝑐 =

𝑛𝑛21
𝑛𝑛2

× 100

(1)

Where: Pc = Relative dynamic modulus of elasticity (RDME) after c cycles of freezing and
thawing (%), n is the fundamental transverse frequency before proceeding freezing and
thawing cycles, and n 1 is the fundamental transverse frequency after c cycles of freezing and
thawing.
For each test two groups of specimens were tested: Group 1 with MSA of 10 mm and
Group 2 with MSA of 20 mm. In each group, normal and recycled aggregate mixes (N and R
mixes) with or without hemp fibers and with different fiber lengths and fiber treatments were
tested and compared.
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3 Results and Discussion
3.1 Long-Term Mechanical Performance
3.1.1 Compressive strength
The results of the compressive strength test are presented in Table 2.
Table 2. Compressive strength test results.

Group 2; MSA = 20 mm

Group 1; MSA = 10 mm

Mix ID

28 days
Compressive Strength
Value
Ratio*
(MPa)

2 years
Compressive Strength
Value
Ratio*
(MPa)

Ratio (2 years
/28 days)

N10
(Control10)
R10

38

-

42

1.00

1.11

34.25

0.9

37.75

0.90

1.10

N10-H20-T1

23

0.61

29.5

0.70

1.28

R10-H20-T1

24.5

0.64

29.25

0.70

1.19

R10-H20-T2

24.5

0.64

26.5

0.63

1.08

N10-H30-T1

24

0.63

26.25

0.63

1.09

R10-H30-T1

24

0.63

27.5

0.65

1.15

N20
(Control20)
R20

39

-

44

1.00

1.13

35

0.9

38

0.86

1.09

N20-H20-T1

28

0.72

34

0.77

1.21

R20-H20-T1

25

0.64

31.5

0.72

1.26

N20-H30-T1

32

0.82

34

0.77

1.06

R20-H30-T1

26

0.67

31.25

0.71

1.20

R20-H30-T2
25
0.64
32.75
0.74
1.31
*Ratio = Mechanical property value for the mix divided by that of the control mix N10
in Group 1 and by that of the control mix N20 in Group 2.

In general, the results at the age of 2 years were consistent with results at the age of 28
days; when the hemp fibers are incorporated in the mix, the compressive strength decrease s
since aggregates which are the hardest elements in a concrete mix are replaced by fibers
which are weak in compression. Furthermore, all mixes showed an improved com pressive
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strength at the age of 2 years as compared to those at the age of 28 days. This increase ranges
from 6 up to 31% for the HRAC mix R20-H30-T2.
3.1.1

Flexural strength

The results of the flexural strength test are presented in Table 3.
Table 3. Flexural strength test results.

Group 2; MSA = 20 mm

Group 1; MSA = 10 mm

Mix ID

28 days
Modulus of Rupture
Value
Ratio*
(MPa)

2 years
Modulus of Rupture
Value
Ratio*
(MPa)

Ratio (2 years
/28 days)

N10
(Control10)

5.1

-

6.87

-

1.35

R10

4.8

0.94

6.78

0.99

1.41

N10-H20-T1

4.95

0.97

5.75

0.84

1.16

R10-H20-T1

4.35

0.85

5.43

0.79

1.25

R10-H20-T2

4.2

0.82

6.07

0.88

1.45

N10-H30-T1

4.8

0.94

6.71

0.98

1.40

R10-H30-T1

4.2

0.82

6.43

0.94

1.53

N20
(Control20)

5.25

-

7.71

-

1.47

R20

4.57

0.87

7.30

0.95

1.60

N20-H20-T1

5.1

0.97

6.05

0.78

1.19

R20-H20-T1

4.65

0.89

5.77

0.75

1.24

N20-H30-T1

4.95

0.94

6.71

0.87

1.35

R20-H30-T1

4.5

0.86

6.68

0.87

1.48

R20-H30-T2
4.5
0.86
6.19
0.80
1.38
*Ratio = Mechanical property value for the mix divided by that of the control mix N10
in Group 1 and by that of the control mix N20 in Group 2.

The variation of the flexural strength at the age of 2 years is consistent with that at the 28
days; the incorporation of hemp fibers and recycled aggregates leads to lower flexural
strength. However, this decrease is less significant as compared to that in the compressive
strength as some HRAC mixes have a flexural strength of 94% compared to the that of the
control mix at the age of 2 years. In addition, the flexural strength shows a significant increase
at the age of 2 years with increases around 50% in some of the HRAC mixes.
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3.1.1

Modulus of Elasticity

The results of the flexural strength test are presented in Table 4.
Table 4. Modulus of elasticity test results.

Group 2; MSA = 20 mm

Group 1; MSA = 10 mm

Mix ID
N10
(Control10)
R10

28 days
Modulus of Elasticity
Value
Ratio*
(MPa)

2 years
Modulus of Elasticity
Value
Ratio*
(MPa)

Ratio (2 years
/28 days)

34.2

1.00

30.8

1.00

1.11

34.1

0.94

28.8

1.00

1.18

N10-H20-T1

28.6

0.72

22.2

0.84

1.29

R10-H20-T1

27.7

0.74

22.8

0.81

1.21

R10-H20-T2

26.8

0.74

22.9

0.78

1.17

N10-H30-T1

28.3

0.74

22.7

0.83

1.25

R10-H30-T1

28.8

0.73

22.5

0.84

1.28

36.3

1.00

33.2

1.00

1.09

34.5

0.95

31.4

0.95

1.10

N20-H20-T1

30.3

0.78

26

0.83

1.17

R20-H20-T1

28.9

0.71

23.7

0.80

1.22

N20-H30-T1

28.6

0.82

27.2

0.79

1.05

R20-H30-T1

25.5

0.73

24.3

0.70

1.05

N20
(Control20)
R20

R20-H30-T2
25.7
0.71
23.7
0.71
1.08
*Ratio = Mechanical property value for the mix divided by that of the control mix N10
in Group 1 and by that of the control mix N20 in Group 2.

Similar to the compressive strength, the MOE is also higher at the age of 2 years than at
the age of 28 days. The increase ranges between 5 and 28% for HRAC mixes.
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3.1 Resistance to Freeze/Thaw Cycles
Results of Pc or RDME after each 36 cycles of freezing and thawing are presented in Table 5.
Group 1 with MSA of 10 mm, had a good resistance to freeze -thaw cycles for all tested
specimens with Pc ranging from 77% to 90.4% after 144 cycles. While Pc for the recycled
aggregate mix R10 was the lowest in the group (77%), mixes with hemp fibers had a Pc
ranging between 77 and 90.4, a value which is even higher than the control mix (83.5%).
Group 2 mixes with MSA of 20 mm, had a lower resistance to freeze-thaw cycles than that
of Group 1 mixes. Pc decreased more quickly to reach values ranging between 31% and
56.5% after 144 cycles. Similar to Group 1, 50% replacement of NCA with RCA but without
hemp fibers incorporation (R20) led to the lowest value of Pc after 144 cycles (31%). This
poor resistance of Group 2 to freeze-thaw cycles can be due to the f a ct that when the MSA
increases from 10 to 20 mm, the cement matrix contains less entrapped air bubbles. During
the freezing phase of a cycle, the water present in the matrix freezes and expands causing
pressure that may lead to cracks and to the deterioration of the concrete. The more entrapped
air bubbles present in the 10-mm matrix relieves the pressure by providing more space for
water to expand into when it freezes. As for the effect of incorporating hemp fibers in the mix,
the four mixes with hemp fibers had values ranging between 42 and 56.5% as compared with
51% for the control mix N20.
Table 5. Relative dynamic modulus of elasticity (RDME) values of all mixes after each
36 cycles.
Relative Dynamic Modulus of Elasticity PC (%)

Group 2
MSA = 20 mm

Group 1
MSA = 10 mm

Mix ID

c=0

c = 36*

c = 72

c = 108

c = 144

N10 (Control10)
R10

100
100

94.1
98.2

90.2
89.5

86.2
87.5

83.5
77.0

N10-H20-T1
R10-H20-T1
R10-H20-T2

100
100
100

93.8
90.5
90.2

87.2
90.5
88.5

81.6
90.5
83.7

77.0
88.5
79.5

N10-H30-T1
R10-H30-T1

100
100

95.2
95.2

93.0
93.0

93.0
90.4

90.4
90.4

N20 (Control20)
R20

100
100

93.2
92.7

79.2
70.2

62.4
57.8

51.0
31.0

N20-H20-T1
N20-H20-T2
R20-H20-T2
R20-H30-T1

100
100
100
100

88.1
83.2
85.8
87.7

79.2
75.3
78.3
77.2

70.8
63.7
69.5
70.5

42.0
55.5
53.2
56.5

*c = number of freeze-thaw cycles.

959

Samer Ghosn and Bilal Hamad

4 Conclusion
This paper studies the durability and long-term performance of HRAC, a “green” concrete
material where natural aggregates are partially replaced by recycled concrete aggregates and
industrial hemp fibers. Results showed that at the age of 2 years, HRAC mixes have an
improved mechanical performance as compared to the age of 28 days, The compressive
strength, the flexural strength and the modulus of elasticity improved by up to 31%, 53% and
28%, respectively. The variation in the mechanical performance between HRAC mixes and
control mixes was also consistent at the age of 28 days and the age of 2 years. Furthermore,
the resistance to freeze-thaw cycles of HRAC was similar to that of normal concrete mixes
after 144 cycles.
Based on these results, it can be concluded that HRAC is a durable concrete that has a
reliable long-term mechanical performance and it can be used in cold climates as it has a
freeze/thaw durability performance comparable to that of ordinary concrete mixes.
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Abstract. This study examined durability of mortar after repairing crack using alginate gel films (1.5
wt.%) mixed with healing agents under seawater splayed condition. The healing agents consist of
Bacillus subtilis (natto) as an aerobic microorganism and glucose as an organic carbon source,
thereby producing insoluble calcium carbonate in the gel films in the presence of calcium ions. In this
study, repaired mortar was dried under room condition for half year and exposed at seawater splayed
condition for another half year. After that, surface condition, elastic wave velocity was measured. In
addition, the inside situation in the crack was observed by X ray computed tomography. Based on the
results of elastic wave velocity, the property of repair material in mortar was improved under the
seawater splayed condition. Additionally the substance in crack derived from healing agents was
remained even after seawater splayed exposure.
Keywords: Self-Healing, Aerobic Microorganisms, Bio-Composite, Seawater Splayed Exposure.

1 Introduction
Recently, repair materials associated with microbial induced calcium carbonate precipitation
(MICCP) have been intensively studied in the field of self-healing concrete e.g. (Jonkers et al.,
2010). We proposed a liquid based repair system comprising dry yeast, organic carbon
sources, calcium sources mixed with Tris alkali buffering solution (Kawaai et al., 2016; Putri
at el., 2016). The grout used for repairing cracks in concrete is supposed to seep into deeper
zones in cracks, joints and gaps spatially distributed in larger areas. Then, calcium carbonate
precipitation mainly contributing to the sealing effect can be formed in the cracks well before
24 hours (Kawaai et al., 2016). It has been reported that the precipitation rate was largely
dependent on the concentration of constituents, pH levels, and ambient environment such as
temperature. The effect of temperature is significant in facilitating the precipitation process
(Putri et al., 2016), thus leading to a larger amount of precipitates formed compared to those
tested in normal room conditions.
Apart from the grout system, the activity of Bacteria added to mixing water was observed
to be limited owing to the pore solution with highly alkaline environment (Jonkers, 2011). In
order to protect them from corrosive agents and the severe environment, much research has
been carried out in the development of encapsulation techniques including expanded clay
particles, glass tubes, superabsorbent polymer, more recently alginate-based systems (Jonkers,
2011; Tittleboom et al., 2011; Wang et al., 2014; Palin et al., 2016).
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According to past research reported by Kawaai et al., (2017), precipitation of calcium
carbonate in alkaline environment has been confirmed by precipitation tests using aerobic
Bacillus subtilis (natto) encapsulated in calcium alginate capsules. Sodium alginate extracted
from brown seaweed could provide viscosity in aqueous solution, which varies depending on
the concentrations. When sodium alginate dissolved in a liquid is used for repairing cracks in
concrete, there is a strong possibility that the alginate reacts with calcium ions available on
the cracked surface, thus forming a polymer comprising calcium alginate via ion-link on the
cracked surface. This could result in in-situ encapsulation for the microorganism and nutrients
in the cracks. Generally, there are two types of microorganisms, anaerobic and aerobic
microorganisms. The former can metabolize an organic carbon sources in an oxygen-free
environment. On the other hand, the latter requires oxygen for the metabolic activity. In this
study, we selected Bacillus subtilis (natto) as an aerobic microorganism. The liquid-based
mixture is supposed to be applied to concrete structures in tidal zones under marine
environment. Dissolved oxygen is expected to be available during the wet and dry cycles.
Based on the above background, this study examines the durability of repaired mortar under
seawater splayed environment.

2 Experimental Programs
2.1 Materials
First, culture solution of Bacillus subtilis (natto) containing sodium alginate is stirred using a
stirrer for 30 minutes until the sodium alginate dissolves. Subsequently, Tris buffer solution
or glucose is added. The concentrations of each constituent of the mixtures are shown in
Table 1. The experimental parameters include the presence (N1 mixtures) and absence (W
mixture) of Bacillus subtilis (natto), the concentration of sodium alginate is specified as 1.5
wt.% for all the mixtures tested. The use of Tris buffer solution with concentrations of 0.1
mol/L is also considered as a testing parameter. In this study, three mixtures were totally
prepared.
Table 1. Concentrations of each constituent of mixtures.

2.2 Cultivation of Bacillus Subtilis (Natto)
In this study, Bacillus subtilis (natto) was cultivated using culture media mainly comprising
NH4Cl, NH4NO3, Na2SO4, MgSO4, CaCl2, K2HPO4, KH2PO4 in this study. The round rod
shape of Bacillus subtilis (natto) forms a spore per a bacterial cell in the bacterial body.
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Spores are formed when it becomes an environment not suitable for growth such as oxygen,
water and nutrient sources. And then, they become dormant and inactive. However, if the
environment is set, the spore dormancy state ends, and germination begins. And then it
becomes vegetative cell and the activity starts. Therefore, the Bacillus subtilis (natto) has
higher resistance to environmental fluctuation compared to other microorganisms. In this
study, the culture solution of the Bacillus subtilis (natto) after 24 hours was used as repair
mixtures. Before preparing the mixtures, the dissolved oxygen concentration in the culture
solution was measured to confirm the metabolic activity of Bacillus subtilis (natto) without an
aeration apparatus.
2.3 Specimen Preparation and Exposure Tests
In this study, a mortar specimen with a water cement ratio of 0.5 and unit water content of
316 kg/m3 and unit weight of crushed sand 1264 kg/m3 was prepared using a cylindrical mold
of  50×100 mm. Specimens were demolded after 24 hours and sealed curing was carried out
until the age of 28 days. In order to simulate the cracks generated in the concrete member,
split cracks were induced using a loading machine. The experimental set-up is similar to
tensile strength test. The crack width was targeted around 0.5 mm. And then, the repair
mixtures were poured into the cracks. After 1 week, exposure tests were carried out either
through wet conditions (12 hours) and dry conditions (12 hours) or only wet conditions (24
hours). Wet cycles were executed using distilled water containing NaCl (3%) for both cases.
2.4 Measurement of Crack Width and Sealing Rate
The crack width and sealing rate by MICCP are measured using microscope (Dino-Lite Edge
AM7915, ANMO) as shown in Figure 1. The five points highlighted in the figure are
consistently measured using two specimens subjected to each exposure condition. The sealing
rate is calculated based on the ratio of widths occupied with the precipitates over crack widths
at each measurement point.

Figure 1. Measurement of crack width and sealing rate by microscope.

2.5 Exposure Condition after Repairing
The specimen after repairing was exposed to seawater splayed condition. The seawater was
pumped up from Kurihama bay and splayed to specimens as shown in Figure 2. Seawater was
splayed twice in a day and specimen was exposed for 6 months.
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Figure 2. Seawater splayed environment.

2.5 Measurement of Elastic Wave Velocity
In order to evaluate the crack filling effect of self-healing material, the elastic wave velocity
was measured every 1 month after exposure test. Elastic wave velocity can evaluate the
connectivity of materials at crack part and the value increase with the crack filling due to
deposition of healing materials produced by the metabolic activity of Bacillus subtilis. The
schematic figure of measurement was illustrated in Figure 3. The sensors were set at the side
surface of specimen and the elastic wave velocities against vertical direction along the crack
were evaluated.

Figure 3. Measurement outline of elastic wave velocity.

3 Experimental Results and Discussion
3.1 Results of Elastic Wave Velocity
The elastic wave velocity of each specimen exposure to seawater splayed condition after 0,
30, 90, 180 days is shown in Figure 4. Before exposure to seawater splayed condition, the
specimens were exposed to experimental room (20 degree centigrade and 60 % R.H.) and
specimens were dried. Therefore the results of all of elastic wave velocity of specimens before
exposure were equivalent to cracked mortar. After exposed to seawater splayed environment,
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the elastic wave velocities of mortar with crack were increased. Especially in the cases of
specimen with Bacillus subtilis, the elastic wave velocities of specimen were clearly increased.
It was assumed that the repair substance inside of crack remained and the elastic wave
penetrate that part. Figure 5 show the result of X ray CT in crack after 180 days exposure.
From this figure, it can be said that the substance produced by Bacillus subtilis were remained
inside of crack even after exposed to seawater splayed condtion.

Figure 4. Elastic wave velocities before and after exposure.

Figure 5. Crack closure situation after exposure for 6 months under seawater splayed condition.
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4 Conclusions
-

Based on the observations made on the sealing rate of crack repair, the presence of gel
films remained intact on the cracked surface under exposure conditions could
contribute to higher sealing effect in the cases of the N1 mixtures.
The results suggest that the repair effect of crack produced by Bacillus subtilis would
be kept even after exposed to seawater splayed condition.
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Abstract. Vapor diffusion ports (VDP) that are drilled in the exterior sheathing of wood-frame walls
are commonly used in wood-frame construction in the coastal region of British Columbia with the
intention to improve the drying capacity of wood-frame exterior walls. This practice was originated
following the systematic building envelope failures due to rain penetration that occurred in this region
around 1985-1995. A previous laboratory study carried out by FPInnovations found that the diffusion
ports provided substantial improvement in the drying rates of Oriented Strand Board (OSB) sheathed
walls, but not for plywood sheathed walls (Hazleden and Morris, 2001). A more recent laboratory test
(Wang, 2018) using wood-frame walls with higher insulation levels in compliance with the current more
stringent energy code found that VDPs did not significantly improve the drying rates; On the other hand,
the provision of VDPs may allow moisture ingress into the wall assembly instead in a damp environment.
The difference in these two studies in terms of test wall sizes, moisture sources, and test conditions may
have attributed to the different findings. To provide a more comprehensive and systematic evaluation of
the effect of VDPs, hygrothermal simulations using Wufi-2D are carried out in this study. The Wufi-2D
model is firstly validated by comparing simulation results to the test results provided by Wang (2018),
which tested the effect of VDPs under laboratory conditions by using a wetted wood block installed
inside each wall assembly as a simulated moisture source. The simulation results agree well with the
measurements. The Model is then used for sensitivity analysis with different levels of rain leakage with
and without VDPs using yearly weather data. The variables included are types of exterior insulation,
types of sheathing (OSB versus Plywood), and types of sheathing membrane. This paper presents the
validation of the model and simulation results under transient conditions with rain leakage. General
conclusions on the effect of VDPs are provided.
Keywords: Vapor Diffusion Ports, Wood-Frame Walls, Hygrothermal Simulations, Durability.

1 Introduction
Moisture content (MC) of various elements of a building’s wall assembly greatly influences its
durability. In areas with high seasonal wetting potential such as the coastal region of British
Columbia (BC), a practice of providing vapor diffusion ports (VDP) in the exterior sheathing
of wood-frame exterior walls to encourage drying was introduced in the late 1990’s and gained
popularity in the region. However, little research has been done to investigate the effect of
VDPs on building assembly durability. There are mainly two laboratory experiments. Hazleden
and Morris (2001) compared drying rates of larger wood-frame assemblies with framing wetted
to high level of moisture contents initially using a large environmental chamber under
laboratory conditions with the addition of VDPs. The moisture contents of sheathing were
measured. It was found that for OSB sheathed walls, VDPs had a substantial effect on drying
of sheathing, with typical MC levels in the sheathing being 34%-36% MC without a VDP and
22%-25% MC with a VDP after the drying process. For plywood sheathed walls, VDPs had
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very little effect on drying performance. Wang (2018) tested the VDPs applied on more recent
but smaller wall assemblies and materials, including deep cavity walls and exterior insulated
assemblies under laboratory conditions. The moisture contents of an initially wetted wood
blocked placed over the bottom plate were measured. The study concluded that VDPs had
insignificant effects on drying of the wet wood block simulating a rain leakage scenario for
assemblies sheathed in OSB or plywood.
These two previous studies focused on laboratory testing under simulated environmental
conditions. This study aims to provide a more comprehensive and systematic evaluation of the
effect of VDPs through transient hygrothermal simulations representing more realistic climatic
weather conditions and moisture loads.

2 Methodology
The program chosen for hygrothermal simulation is Wufi-2D, a transient 2D heat and mass
transfer program that is capable of simulating the effect of VDPs on the hygrothermal
performance of the wall assemblies. The model is firstly validated by comparing simulation
results with the measurements from the recent experiment conducted by Wang (2018) under
laboratory conditions. The validated model is then used to evaluate the effect of VDP on the
hygrothermal performance of a typical 2x6 wood-frame wall, defined as a baseline wall, under
real weather conditions with rain leakage assumed to the exterior surface of sheathing as a
moisture source. A parametric study is carried out on the baseline wall to investigate the effect
of various parameters including wall orientation, sheathing materials, and exterior insulation.
2.1 Hygrothermal Model Setup
The experiment by Wang (2018) was carried out for a variety of wall assemblies and an initially
wetted wood block placed above the bottom plate was used as the moisture source. The moisture
content of the wet wood block was measured during the drying process at two depths, 5 mm
and 12 mm, and 18 readings were taken on a weekly basis over the test period of 127 days. The
hygrothermal model is set up to represent the test configuration as close as possible. The wet
wood block is divided into two layers, surface and center, for a better comparison of
measurements at two depths. The VDP has a diameter of 50 mm and placed 100 mm above the
wet wood block. The VDP is represented by a 50 mm slot in the hygrothermal model. The initial
MC of each layer is set to match the experiment readings on day 0, which vary among test
assemblies. The experiment was conducted in an outside shed that was open to the environment
but covered from solar radiation and rain events, and the simulation model uses temperature
and relative humidity (RH) data measured on-site but no rain or solar inputs. Figure 1 shows
the simulation model in Wufi-2D and the experiment test setup.
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Figure 54 A wet wood block and moisture sensors being installed for a wall specimen

MC Sensors, surface and center

(a)

VDP

MC sensors

(b)

(c)

Figure 55 A wet wood block with two moisture sensors installed in a wall specimen

Figure 1. (a) Wufi-2D simulation model for validation (b, c) Experiment assembly (Wang, 2018).

2.2 Hygrothermal Model Validation

Page 56 of Error! Bookmark not defined.

FPInnovations

Sixteen of these wall assemblies are simulated, with OSB and plywood sheathing, with and
without exterior insulation, with and without VDPs, and the MC of the wet wood block from
the simulations are compared to the experiment results. As an example, Figure 2 shows the
comparison between experimental and simulation results for the case of an OSB sheathed 2x6
wall with no VDP and the case of OSB sheathed wall with VDP. In general, the simulation
results agree well with the measurements. The simulation results have a better agreement with
the measurements for the center location than that for the surface layer. The main discrepancy
occurs during the initial drying period. This may have attributed to the initial moisture content
set in the model as only two measurements, at 5mm and 12mm depth, are available and also the
model’s limited capacity in modeling moisture transport in wood at moisture content level
above its fiber saturation. The comparison between the simulation and experiment results is
made by root-mean-square error (RMSE), which is the root of the sum of the differences
squared, divided by the number of measurements. Of 16 simulation cases compared to the
experiment, the RMSE ranges from 0.81 to 3.77 with a median value of 1.65 for the surface
layer, and ranges from 0.38 to 4.72 with a median value of 1.30 for the center layer.
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Figure 2. MC of wet wood block for an OSB sheathed 2x6 wall with no exterior insulation, surface and center
layers, experiment and simulation results, without (a) and with (b) VDP.

969

Ben Zegen Reich, Hua Ge and Jieying Wang

2.3 Parametric Study
The baseline assembly is a 140 mm deep and 600 mm high wall cavity filled with fiber glass
insulation, a polyethylene vapor barrier and gypsum board towards the interior, sheathed in
OSB and protected with a spun bonded-polyolefin (SBPO) membrane. Cladding assumed is a
13 mm fiber cement layer with a 20 mm ventilated air space behind it with a 100 air changes
per hour to the exterior air assumed. To evaluate the role of VDPs under more realistic
conditions, the validated model is adapted with the removal of the wet wood block and the
addition of rain penetration to the sheathing as an ongoing moisture source, aligned with the
ASHRAE 160 standard. 1% fraction of driving rain is applied uniformly on the sheathing
material. The initial MC of the sheathing and framing is set to 10%.
The weather data used is for Vancouver, BC. The baseline weather data corresponds to the
most severe year concerning moisture damage to building envelopes out of a measured period
of 10 years, as published in ASHRAE RP-1325 by Salonvaara, Zhang, and Karagiozis (2011).
Orientation is East, the prevailing wind-driven rain direction. The rain model used is for
buildings up to 10 meters in height. Interior conditions are set using ASHRAE-160 model,
heating only. The simulation time period is two years, starting November 1st, 2017 at 1-hour
intervals.
Following the baseline simulations, the effect of wall orientation is investigated by facing
the wall to south instead of east for the maximum solar exposure instead of maximum rain
deposition. Plywood sheathing is simulated to compare with the OSB baseline. Mineral wool
exterior insulation is added and compared to the baseline with no exterior insulation.

3 Results and Discussion
3.1 MC Analysis
The simulated MC of the sheathing below the VDP and the bottom plate is used for a
comparison of assemblies with and without VDPs.
3.1.1 Baseline case
3.1.1.1 Sheathing Figure 3 presents the MC of the OSB sheathing below the VDP and of the
bottom plate for the baseline simulations. The simulation begins Nov. 1st, the beginning of the
winter which is the rainy season in Vancouver, and so in the beginning of the simulation there
is quick intake of MC from the environment and rain penetration. The moisture intake is slightly
more rapid for the assembly with a VDP by a maximum difference of 0.63% MC that happens
on Nov. 11th. Both assemblies reach a similar maximum MC after the first winter, with the
VDP assembly reaching 27.5% MC on Feb. 28th and the assembly without the port reaching
28.3% MC on the same day. On following winters, when the starting MC is higher, the VDP
assembly reaches 28.8% MC and the assembly without the port reaches 30.4% MC, also on
Feb. 28th. Thus, the maximum MC value for the assembly without a VDP is 1.6% higher than
that with VDP.
From beginning of the spring until end of the summer (beginning of Mar. until end of Aug.),
the assemblies dry out to the exterior, and the assembly with the VDP has MC by up to 3.8%
lower than the assembly without VDP at times.
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Date
Figure 3. MC of OSB sheathing and bottom plate for the baseline rain infiltration simulations.

The time to dry from the maximum MC to under 20% MC is 34 days for the VDP assembly,
occurring on April 4th, compared to 56 days for the assembly with no port, occurring on April
26th. The autumn period (Sep. to Nov.) is similar to the winter period with slightly decreased
wetting.
Other than the beginning of the first winter, the assembly with the VDP has a lower value of
MC for the rest of the simulation duration. During dryer periods the OSB sheathing MC with
and without VDP is similar, and there is no observed effect of moisture intake from the
environment due to the VDP.
3.1.1.2 Bottom plate. In order to investigate the effects of the VDP on other components in the
wall assembly that are further away from the port, MC is displayed in Figure 3 for the top
5.3mm of the bottom plate, which is the portion of the bottom plate that would be more
susceptible to durability issues including mold growth when conditions allow it.
After an initial phase of water intake from the environment and redistribution in the
assembly, the bottom plate shows a relatively low variance in MC values throughout the year.
During periods of wetting, which occurs to the sheathing, there is little difference between the
MC with and without the VDP. Contrarily, during drying periods, the MC of the bottom plate
for assemblies with a VDP is by up to 3.3% lower. This can be explained by the quick
redistribution process within the assembly, which makes the MC difference in the bottom plate
follow the MC difference in the sheathing.
For the bottom plate, similar to the sheathing, no undesired effects of the VDP are observed,
except for the beginning portion of the simulation where the VDP allows for quicker moisture
intake. Overall, it is found that the MC of other components in the assembly follows closely the
differences in MC in the sheathing.
3.1.2 Effect of wall orientation
Two assemblies with the same parameters but facing south instead of east for maximum solar
exposure instead of maximum rain deposition are simulated. Figure 4 presents these results
compared to the baseline. Due to the lower rain exposure on south orientation, the MC values
of sheathing are significantly lower, with a maximum value of below 20% MC as opposed to a
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Date
Figure 4. sheathing MC for east and south orientations, with and without a VDP.

value of 30% MC for the baseline simulation facing East. The effect of the orientation change
is significant because it directly affects the amount of driving rain that is deposed on the
sheathing. The VDP assembly compared to the one without shows a more moderate
improvement of 1% lower MC facing south compared to 3.8% facing east at most. Same as
with the baseline simulations, there are no adverse VDP effects except for a faster moisture
intake during the first transient phase of moisture equilibration in the beginning of the
simulation.
3.1.3 Effect of sheathing materials
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Figure 5 shows the comparison in MC between plywood and OSB. Overall, MC behavior is
similar to the OSB assemblies, as are drying times to reach under 20% MC. The maximum
difference between values with and without a VDP is 4.8% MC for plywood compared to 3.8%
in OSB, and occurs at the same time. This can be explained by the plywood assemblies reaching
higher MC values and being able to dry further than the OSB assemblies, with or without the
presence of a VDP. It shows that for high load of wetting, VDPs can be beneficial in plywood
too.

Date
Figure 5. MC in sheathing (OSB vs. plywood), east orientation, with and without a VDP.
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3.1.4 Effect of adding exterior insulation
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An exterior insulation layer of 75 mm mineral wool is added to the baseline assembly. Figure
6 presents the sheathing MC for the assemblies with and without mineral wool exterior
insulation, with and without a VDP. MC is significantly lowered and so the VDP effect is
reduced. The MC behavior stays similar to the baseline simulation. For the baseline simulation
with no VDP compared to the assembly with mineral wool exterior insulation and no VDP, the
maximum MC is reduced by 7.5%, from 30.5% to 23%, while the minimum MC values do not
change. The VDP maximal effect is reduced from maximum relative drying of 3.8% to 2.2%
MC, and there is no moisture intake from the environment.

Date
Figure 6. MC of OSB sheathing with and without mineral wool ext. insulation, with and without a VDP.

3.2 Mold Index
In addition to the examination of resulting MC in the assembly, mold index is calculated
following ASHRAE standard 160-2016. Mold growth index is calculated and compared for two
sensitivity classes: “Sensitive” class, corresponding to wood-based boards such as plywood and
OSB, and “Very sensitive”, usually used for untreated wood and used here as a worst-case
scenario for mold growth potential. The mold growth index calculation uses hourly temperature
and relative humidity data extracted from the simulations following the procedure prescribed
in ASHRAE 160. The standard states that in order to minimize problems related to mold
growth, the mold growth index should not exceed a value of three.
The maximum mold growth index over the simulation period is summarized in Table 1. The
mold growth index is slightly higher for the assemblies with a VDP, in spite of the lower MC
values on the sheathing. The explanation for this phenomenon is that during the beginning of
the simulation there is a short period during which the MC and RH are rising quicker in the
assemblies with a VDP, and therefore a higher maximum mold growth index in the VDP
assemblies. Later in the simulation RH levels are lower in the assemblies with the VDPs and
the difference in mold index reduces, but the 2-year simulation period is not enough to close
the initial gap in mold index for most simulations. For the assemblies examined, no
improvement in mold index was found, even though MC values did show improvement.
According to ASHRAE 160 criteria, there is mold growth risks only when “very sensitive”
class is assumed for both OSB and Plywood sheathed wall assemblies.
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Table 1. Maximum mold growth index over the simulation period.
Sheathing
OSB
OSB
Plywood
OSB

Simulation inputs
Exterior
Orientation
insulation
East
South
East
Mineral wool
East

Mold index, Sensitive
without VDP
with VDP
1.38
0.02
1.00
0.03

1.39
0.02
1.12
0.07

Mold index, Very sensitive
without VDP
with VDP
4.41
0.02
3.47
0.11

4.43
0.02
3.84
0.21

4 Conclusions and Discussions
Vapor diffusion ports have an ability to modestly improve the rate of drying for wall assemblies
with an on-going moisture source of rain infiltration on the sheathing layer based on the
hygrothermal simulations of this study. Table 2 summarizes the improvement due to VDP
effects of MC (max and root mean square difference), mold index, and number of days to dry
to under 20% MC. The higher the MC of the assembly, the greater the potential contribution of
the VDP to drying. For the East-oriented wall, the maximum MC difference in OSB sheathing
is 3.85% with an average difference of 1.5%, while for the south-oriented wall the maximum
MC difference in OSB sheathing is 1% with an average difference of 0.4%. Similar trend is
found for plywood-sheathed wall. With the addition of exterior insulation, the temperature of
sheathing is elevated and therefore improved drying capacity. Consequently, the contribution
of VDP to drying is reduced. The provision of VDP also reduces the time for OSB sheathing to
dry to below 20% MC. For example, an OSB sheathed wall with no exterior insulation oriented
to the east will take 22 less days to dry to under 20% MC due to the presence of a VDP.
However, the effect of VDP on the mold growth risk is negligible.
Table 2. Summary of improvement in MC and mold index due to VDP effects (comparison between assemblies
with VDP and without VDP).
Sheathing
OSB
OSB
Plywood
OSB

Simulation inputs
Exterior insulation

Mineral wool

Orientation
East
South
East
East

MC Max [%]
-3.85
-1.09
-4.85
-2.19

MCRMSD [%]
-1.50
-0.44
-1.84
-1.07

Mold
index
0.02
0.00
0.37
0.10

Time to dry under
20% MC [days]
-22
NA
-38
-17
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Abstract. The purpose of the present study is to evaluate pore structure of hardened cement paste
immersed in sodium sulfate solutions and to experimentally examine the relation between the change of
pore structure and hydration products. Cement paste specimens were immersed in sodium sulfate
solutions and ion-exchanged water for two weeks. Since oxygen gas can pass through the pores having
micro scale, it is possible to evaluate the effect of the pore structure on the oxygen transport in cement
pastes. Thus, the oxygen diffusion coefficient (DO2) of the specimens after immersion were measured,
and the pore volume and the pore size distribution were also measured. In addition, the phase
compositions of the specimens were acquired. As a result, DO2 of the specimens immersed in the sodium
sulfate solutions decreased as compared to the specimens immersed in the ion-exchanged water. The
tortuosity of the specimens immersed in the sodium sulfate solutions increased due to decreasing of the
pore volume having a diameter larger than 20 nm. There was a correlation between the volume of
ettringite and the pore volume having a diameter larger than 20 nm. According to the above results, it
was considered that the decreasing of DO2 in the case of sulfate immersion can occur as a result of the
complication of the pore structure owing to filling of the pores by ettringite.
Keywords: Sulfate Attack, Oxygen Diffusion Coefficient, Pore Structure, Tortuosity, Ettringite.

1 Introduction
The sulfate attack is known as a chemical reaction caused by sulfate and causes the fragility and
tissue fragility in hardened cement paste by generating a large amount of ettringite. Although
there are not many cases of sulfate deterioration in Japan, there is a high potential risk of sulfate
attack in Japan because it is revealed that the marine clay layer producing sulfates is widely
distributed (Matsushita et al., 2010). In addition, it is considered that cement-based materials
are used for building of radioactive waste processing facilities.
Generally, in order to predict the deterioration phenomenon, it is necessary to grasp the ion
transfer characteristics affecting the degradation of hardened cement paste. Furthermore, the
ion transfer in the hardened cement paste is known to be greatly affected by the pore structure.
Thus, in order to predict the progress of sulfate attack, it is necessary to grasp the pore structure
as a transferring field of sulfate ions. However, the pore structure and mass transfer
characteristics are significantly changed when the sulfate ions penetrate the hardened cement
paste. Sulfate ions causes a reaction with cement hydrate constituting the solid phase and
generates ettringite in large quantities, that is considered the cause of change, but there are few
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examples of experimentally examined changes of pore structure and mass transfer
characteristics when affected by sulfate attack.
Therefore, we evaluated the oxygen transfer characteristics affected solely by pore structure
to clarify the change in the pore structure of the hardened cement paste immersed in sodium
sulfate solutions.

2 Specimens and Methods
2.1 Preparation of Specimens
In this study, ordinary portland cement was used. Table 1 shows the chemical compositions of
the cement, and Table 2 shows the density and specific surface area. The mineral compositions
calculated by Bogue equation is shown in Table 3. Three types of cement paste specimens
having water to cement ratio of 45%, 55% and 65% were prepared. The size of the specimens
was 3 × 4 × 0.5 cm. It was demolded at 1 d, and it was wet-sealed curing until 28 d at 20 °C.
Table 1. Chemical compositions of cement (mass%).

Ig. loss
0.71

insol.
0.08

SiO2
20.89

Al2O3
5.44

Fe2O3
2.94

CaO
65.11

MgO
1.54

Na2O
0.27

K2O
0.53

TiO2
0.26

P2O5
0.14

MnO
0.05

Cl
0.014

Total
97.99

Table 2. Density and surface area of cement.

Density
(g/cm3)
3.16

Blaine specific surface
area (cm2/g)
3450

Table 3. Mineral compositions of cement (mass%).

C3S
C2S
60.00 15.00

C3A
9.00

C4AF Gypsum
9.00
3.54

MgO
1.54

2.2 Sodium Sulfate Immersion and Ion-Exchanged Water Immersion
The specimens were immersed in sulfate solutions. Sodium sulfate and ion-exchanged water
(electrical conductivity 0.055µS/cm) were used for sulfate solutions. The concentrations of
sodium sulfate solutions were 0.5 and 5 mass%. The specimens were immersed in solutions
with the liquid-to-solid ratio of 5.0 at 20 °C for 2 weeks. The specimens were also immersed in
the ion-exchanged water for comparison with the case of sodium sulfate immersion.
2.3 Analysis
The pore volume of each specimen was measured by Archimedes method. Each specimen after
immersion was crushed into small pieces, after which 3 pieces (about 3 g) were immersed in
ion-exchanged water and reduced pressure for 30 min. The mass of the specimens under water
and the mass of the surface-dried condition were subsequently measured. Thereafter, the
specimens were dried at 50 °C in a drying oven until the specimens mass no longer changed.
The pore volume was calculated by the following equation (1)
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𝑉𝑉 =

𝑚𝑚𝑠𝑠 − 𝑚𝑚50𝑑𝑑
𝑚𝑚𝑠𝑠 − 𝑚𝑚𝑊𝑊

(1)

where V is the pore volume (m3/m3), 𝑚𝑚𝑠𝑠 is the mass of the surface-dried condition (g), 𝑚𝑚50𝑑𝑑
is the mass of the dried condition at 50 °C (g), and 𝑚𝑚𝑤𝑤 is the mass of the specimen under
water(g).
Pore size distribution was measured by mercury-intrusion-porosimeter. The crushed
samples (about 5 mm) were immersed in acetone for 2 d to prevent further hydration. These
specimens were subsequently placed under vacuum to remove the acetone and stored in a
desiccator in the presence of silica gel until the mass no longer changed. The pressure range was
0.1 kPa to 400MPa. The measurement range of the pore diameter is approximately 4 nm to 120
µm.
Kikuchi et al. (2010) was measured the oxygen diffusion coefficient of the hardened cement
paste, which is capable of grasping the complexity of the pore structure. Therefore, in order to
grasp the pore structure of the specimens immersed in sodium sulfate solutions, the oxygen
diffusion test was performed. The specimens after immersion were dried in a desiccator
containing silica gel until the mass no longer changed. The oxygen diffusion test was carried
out with reference to the method of Shirakawa et al. (1999). The oxygen concentration was
recorded, when the change in oxygen concentration in the nitrogen gas side cell became
constant. The oxygen diffusion coefficient was determined using the formula (2)
𝐷𝐷𝑂𝑂2 =

𝑅𝑅𝑁𝑁 ∙ (𝐶𝐶𝑁𝑁 − 𝐶𝐶𝑏𝑏 ) ∙ (𝐿𝐿 + 𝛿𝛿𝑁𝑁 + 𝛿𝛿𝑂𝑂 )

{1 −

1

(2)

𝑅𝑅𝑁𝑁 𝑀𝑀𝑂𝑂 2
∙ ( ) ∙ (𝐶𝐶𝑁𝑁 − 𝐶𝐶𝑏𝑏 ) − 𝐶𝐶𝑁𝑁 } ∙ 𝐴𝐴𝐶𝐶
𝑅𝑅𝑂𝑂 𝑀𝑀𝑁𝑁

where 𝐷𝐷𝑂𝑂2 is the oxygen diffusion coefficient (cm2/s), 𝐶𝐶𝑁𝑁 is the oxygen concentration in
nitrogen gas (%), 𝐶𝐶𝑏𝑏 is the oxygen concentration in nitrogen gas cylinder (%), 𝑅𝑅𝑁𝑁 and 𝑅𝑅𝑂𝑂 are
the nitrogen and oxygen gas flow rates (cm2/s), 𝑀𝑀𝑁𝑁 and 𝑀𝑀𝑂𝑂 are the nitrogen and oxygen
molecular weight (g/mol), 𝐿𝐿 is the specimen thickness (cm), 𝐴𝐴𝐶𝐶 is the cross-sectional area of
the specimen (cm2), and 𝛿𝛿𝑁𝑁 and 𝛿𝛿𝑂𝑂 are the boundary film thickness of the nitrogen gas side and
oxygen gas side (mm).
Phase composition of the crystal phase of the sample was quantified by XRD / Rietveld
analysis. The samples after immersion were immersed in acetone for 2 d and subsequently
placed under vacuum to remove the acetone for 2 d. The samples were crushed and dried at
20 °C and 11% RH until the sample mass no longer changed. In this study, corundum was used
as a standard sample, and the amount of the amorphous phase was quantified by the external
standard method (Sagawa et al., 2014). The compositions of amorphous phase and CaO/SiO2
molar ratio of C-S-H (C/S ratio) were calculated by mass balance calculation (Maruyama et al.,
2010) using the composition of each hydrate in 11% RH reported by Suda et al. (2014).

3 Results and Discussion
3.1 Effect of Sodium Sulfate on Oxygen Diffusion Coefficient
Figure 1 shows the oxygen diffusion coefficient of the sample immersed in sodium sulfate and
ion-exchanged water. The oxygen diffusion coefficients of the specimens immersed in sodium
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Figure 1. Oxygen diffusion coefficient of hardened
cement pastes after immersion.

Figure 2. Relationship between oxygen diffusion
coefficient ratio and pore volume ratio.

sulfate were reduced regardless of the water-to-cement ratio as compared with the case of
ion-exchanged water. However, the degree of decreasing in the oxygen diffusion coefficient
varies from water-to-cement ratio. The water-to-cement ratio 55% is large reduction degree, on
the other hand, the degree of decreasing was reduced at the water-to-cement ratio 65%.
3.2 Change in Pore Structure by the Effects of Sodium Sulfate
The relationship between the decreasing in the oxygen diffusion coefficient affected by sodium
sulfate and the change in the pore structure of the specimens was examined. First, the effect of
the change in the pore volume was examined to quantify the change caused by the effect of
sodium sulfate. The oxygen diffusion coefficient ratio 𝑅𝑅𝑂𝑂2 was calculated by the equation (3)
using the value of the sample immersed in ion-exchanged water 𝐷𝐷𝑂𝑂2 _𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 , which is not
affected by sodium sulfate. Similarly, the pore ratio was calculated.
𝑅𝑅𝑂𝑂2 =

𝐷𝐷𝑂𝑂2 _𝑁𝑁𝑁𝑁2 𝑆𝑆𝑆𝑆4
𝐷𝐷𝑂𝑂2 _𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(3)

Figure 2 shows the relationship between the oxygen diffusion coefficient ratio and the pore
volume ratio. From the figure, the pore volume ratio is almost unchanged at 1.0 while the
oxygen diffusion coefficient ratio is greatly changed in the range of 1.0 to 0.6. Thus, the
decreasing in the oxygen diffusion coefficient caused by the effect of sodium sulfate could not
be explained by a change in the pore volume.
Because it has been reported that the tortuosity is an index representing the complexity of the
pore structure (Saeki et al., 2014), the tortuosity of the oxygen diffusion in the hardened cement
paste was calculated in this study. The tortuosity of the oxygen diffusion was calculated using
the formula (4), with reference to the past studies (Kikuchi et al., 2010; Saeki et al., 2014)
𝐷𝐷𝑂𝑂2 =

1

𝜏𝜏𝑂𝑂2 2

∙ 𝐷𝐷

(4)

where 𝜏𝜏𝑂𝑂2 is the tortuosity of the oxygen diffusion, and 𝐷𝐷 is the effective diffusion
coefficient in the pore (cm2/s).
In this study, the parallel pore model was adopted, and the effective diffusion coefficient in
the pore was calculated by equation (5)
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Figure 3. Relationship between oxygen diffusion
coefficient ratio and tortuosity ratio.

Figure 4. Pore volume of each pore diameter (water
to cement ratio of 45%).

Figure 5. Pore volume of each pore diameter (water
to cement ratio of 55%).

Figure 6. Pore volume of each pore diameter (water
to cement ratio of 65%).

𝐷𝐷 = (

𝜀𝜀𝑎𝑎

1
1
+
𝐷𝐷𝐾𝐾𝐾𝐾 𝐷𝐷𝑂𝑂𝑂𝑂

)+(

𝜀𝜀𝑏𝑏

1
1
+
𝐷𝐷𝐾𝐾𝐾𝐾 𝐷𝐷𝑂𝑂𝑂𝑂

)

(5)

where 𝜀𝜀𝑎𝑎 is the pore volume having a diameter < 50 nm (cm3/cm3), 𝜀𝜀𝑏𝑏 is the pore volume
having a diameter > 50 nm (cm3/cm3), 𝐷𝐷𝐾𝐾𝐾𝐾 is the Knudsen diffusion coefficient of the average
pore diameters < 50 nm (cm2/s), 𝐷𝐷𝐾𝐾𝐾𝐾 is the Knudsen diffusion coefficient of the average pore
diameters > 50 nm (cm2/s), 𝐷𝐷𝑂𝑂𝑂𝑂 is the molecular diffusion coefficient of nitrogen and oxygen
(cm2/s). The tortuosity ratio was calculated in the same manner as the oxygen diffusion
coefficient ratio described above.
Figure 3 shows the relationship between the oxygen diffusion coefficient ratio and the
tortuosity ratio. The oxygen diffusion coefficient ratio is reduced with increasing of the
tortuosity ratio. These results suggest that the decreasing of the oxygen diffusion characteristics
in the hardened cement paste affected sodium sulfate was caused by the increasing of the
complexity of the pore structure due to sodium sulfate immersion.
Subsequently, in order to investigate the increasing of the pore structure complexity, we
focused on changes in the pore size distribution. Figure 4 to 6 shows the pore volume of each
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Figure 7. Relationship between tortuosity and pore
volume (d > 20nm).

Figure 8. Phase compositions of the specimens after
immersion (water-to-cement ratio of 45%)

F igure 9. Phase compositions of the specimens after
immersion (water-to-cement ratio of 55%)..

Figure 10. Phase compositions of the specimens after
immersion (water-to-cement ratio of 65%).

pore diameter. From Figure 4, in the case of water-to-cement ratio of 45%, in the division of the
diameter < 20nm, it was confirmed that the pore volume of the sodium sulfate immersion
sample was slightly larger than that of the ion-exchanged water immersion sample. On the other
hand, in the division of diameter > 20nm, the pore volume of the sodium sulfate immersion
sample is reduced as compared to the ion-exchanged water immersion sample. It was confirmed
that the diameter of 20 nm is the boundary of the trend change.
Figure 7 shows the relationship between the tortuosity and the pore volume having a
diameter > 20 nm. From the figure, the tortuosity increased with decreasing of the pore volume
having a diameter > 20nm. These results suggest that because the pore volume having a
diameter > 20 nm in the specimen immersed in sodium sulfate decreased, the pore structure was
complicated and the oxygen transfer was suppressed.
3.3 Effect of Hydration Products on the Change of Pore Structure
Figures 8 to 10 shows the phase compositions of the specimens after immersion having each
water-to-cement ratio. In the case of the ion-exchanged water immersion, which is not affected
by sodium sulfate, the C-S-H occupies most of the solid phases. In the case of sodium sulfate
immersion, the C-S-H also occupies most of the solid phase at any water-to-cement ratio.
Furthermore, the higher the water-to-cement ratio and the higher the sodium sulfate
concentration, the amount of ettringite was increased. Therefore, we examined the relationship
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between the pore volume having a diameter > 20 nm and the generation of C-S-H and ettringite.
In order to calculate the volume of C-S-H, which is affecting the pore volume, the amount of
C-S-H was calculated using equation (6)
𝑀𝑀𝐶𝐶−𝑆𝑆−𝐻𝐻 = 𝑚𝑚𝐶𝐶 ∙ (

𝑚𝑚′𝐶𝐶−𝑆𝑆−𝐻𝐻
)
100

(6)

where 𝑀𝑀𝐶𝐶−𝑆𝑆−𝐻𝐻 is the amount of C-S-H per unit volume (g/m3), 𝑚𝑚𝐶𝐶 is the amount of cement
paste per unit volume (g/m3), 𝑚𝑚′𝐶𝐶−𝑆𝑆−𝐻𝐻 is the amount of C-S-H (cm2/s). The volume of C-S-H
𝑉𝑉𝐼𝐼 (m3/m3) was calculated by dividing the 𝑀𝑀𝐶𝐶−𝑆𝑆−𝐻𝐻 by 𝜌𝜌𝐶𝐶−𝑆𝑆−𝐻𝐻 , which is the density of C-S-H
(g/m3) as shown in equation (7).
𝑀𝑀𝐶𝐶−𝑆𝑆−𝐻𝐻
𝑉𝑉𝐼𝐼 = (
)
𝜌𝜌𝐶𝐶−𝑆𝑆−𝐻𝐻

(7)

Because the density of C-S-H changes depending on the C/S ratio, it was calculated from
each C/S ratio using the equation (8) of Suda et al. (2014).
𝜌𝜌𝐶𝐶−𝑆𝑆−𝐻𝐻 = 0.45(𝐶𝐶/𝑆𝑆) + 1.36

(8)

Furthermore, as shown in the equation (9), the volume of C-S-H was calculated
𝑉𝑉𝐶𝐶−𝑆𝑆−𝐻𝐻 =

𝑉𝑉𝐼𝐼
𝑃𝑃

(9)

where 𝑉𝑉𝐶𝐶−𝑆𝑆−𝐻𝐻 is the volume of C-S-H (m3/m3), P is the capillary pore volume (m3/m3).
Figure 11 shows the relationship between the C-S-H volume and the pore volume having a
diameter > 20 nm. In both of the sodium sulfate solution concentration, the pore volume having
a diameter > 20 nm decreased with the increasing of the volume of C-S-H. However, when a
regression line was drawn for each sodium sulfate solution concentration, there was a slight
error between the two lines. Since different linear relationships were shown for each solution
concentration, it was considered that there were other factors besides the volume change of
C-S-H in the change of the pore volume having a diameter > 20 nm. Therefore, the volume of
ettringite was considered, in addition to C-S-H.
The volume of ettringite (𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 ) was calculated using the same calculation as in equations (6),
(7), and (9). The density of the ettringite was 1.78 × 106 g/m3 (Suda et al., 2014). As shown in
equation (10), the total volume (𝑉𝑉𝐶𝐶−𝑆𝑆−𝐻𝐻_𝐸𝐸𝐸𝐸𝐸𝐸 ) was obtained by adding the 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 to the 𝑉𝑉𝐶𝐶−𝑆𝑆−𝐻𝐻 .
𝑉𝑉𝐶𝐶−𝑆𝑆−𝐻𝐻_𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑉𝑉𝐶𝐶−𝑆𝑆−𝐻𝐻 + 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸

(10)

Figure 12 shows the relationship between the pore volume having a diameter > 20 nm and
the volume of C-S-H and ettringite. In this case, the regression line drawn for each sodium
sulfate solution concentration showed almost no error. These results suggest that the decreasing
of the oxygen diffusion coefficient of the specimens affected by sodium sulfate was caused by
the formation of ettringite, which is filling the pores having a diameter > 20 nm and the
complication of the pore structure.

4

Conclusions

The purpose of this study was to investigate the effect of sodium sulfate on the oxygen transfer
characteristics and the pore structure of hardened cement paste. The conclusions derived from
this study can be summarized as follows.
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Figure 11. Relationship between pore volume (d >
20nm) and volume of C-S-H.

Figure 12. Relationship between pore volume (d >
20nm) and volume of C-S-H and ettringite.

When the cement paste was affected by sodium sulfate, the oxygen diffusion coefficient
decreased compared to the case immersed in ion-exchanged water.
The decreasing of the oxygen diffusion coefficient affected by sodium sulfate was due to the
increasing of the tortuosity owing to the decreasing of the pore volume having over 20 nm in
diameter.
The decreasing of the oxygen diffusion coefficient of the specimens affected by sodium
sulfate was caused by the formation of ettringite, which is filling the pores having over 20 nm in
diameter and the complication of the pore structure.
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Abstract. Cemented sand is a common way for soil stabilization or ground improvement. Tortuosity is
an important parameter that has a significant impact on flow and transport characteristics of porous
media and related to permeability and diffusion coefficient. This study aims to quantitatively
investigate the tortuosity of the cemented sand with different cement content using X-ray computed
tomography (CT) based random walk simulation. The cemented samples were scanned using microCT and converted to 3D pore space through image processing. Random walk simulation was applied
to the reconstructed 3D pore space to calculate the tortuosity. Higher cement content gave an increase
in tortuosity and a decrease in porosity. This indicates that the addition of cement makes pore space
more tortuous and decreases both permeability and diffusion coefficient which are being treated as
important parameters for durability of construction materials.
Keywords: Cemented Sand, Tortuosity, X-Ray Microtomography, Random Walk Simulation.

1 Introduction
Soil stabilization by cement mixing is one of the common methods to improve natural soil.
Generally, cemented sand which is produced by mixing cement, sand, and water, has greater
strength than natural soil. Ordinary Portland Cement is widely used in soil stabilization and
many researches were carried out to investigate its mechanical (Consoli, Viana da Fonseca,
Cruz, and Heineck, 2009; Wang and Leung, 2008). Pore network in cementitious material is
an important factor that affects many mechanical properties including strength and stiffness as
well as durability. However, it is difficult to quantitatively analyse due to its complexity thus
several experimental parameters like porosity, permeability, and diffusivity are frequently
being used to understand pore network and resulting durability, indirectly. Therefore, the
knowledge of tortuosity for cemented sand is strongly required for designing not only the
cement content for soil stabilization but also evaluating life span of cementitious materials
under various environments.
X-ray Computed Tomography (CT) has been utilized to examine the microstructure of
porous media. X-ray CT is a non-destructive technique that allows X-rays to pass through the
material at different angles and measures the attenuation using the director. The key
advantage of X-ray CT is that it is a unique way to obtain three-dimensional microstructure at
specific resolution. This study aims to investigate the tortuosity of the cemented sand with
different cement content from the X-ray CT based random walk simulation.
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2 Background of Definition of Tortuosity
Tortuosity is a meaningful parameter that has a significant impact on flow and transport
characteristics of porous media. The classic definition of tortuosity (τ) is given as the ratio of
the average lengths of the actual paths that fluid or electric particles migrate from one point to
the final point through the pore space of a porous medium to the corresponding straight and
shortest distance between these points. In this regard, tortuosity is always greater than or
equal to 1. The importance of tortuosity can be observed in various engineering applications
(e.g., diffusion, mass transfer and separation of mixtures) (Boudreau, 1996; Champoux and
Allard, 1991; Thorat et al., 2009).
In this study, tortuosity is treated as a property of the porous media which can be
calculated from 3D micro-geometry of the pore structure. For instance, the tortuosity in
cementitious materials has been evaluated by random walk simulation in the 3D pore structure
obtained by X-ray microtomography (Promentilla, Sugiyama, Hitomi, and Takeda, 2009;
Provis, Myers, White, Rose, and Van Deventer, 2012).
Diffusion tortuosity is defined as a ratio of the self-diffusion coefficient (𝐷𝐷𝐷𝐷0 ) of nonsorbing walkers in free space to the long-time self-diffusion coefficient (𝐷𝐷𝐷𝐷∞ ) of these walkers
in pore space. The self-diffusion coefficient is estimated from mean square displacement
(MSD) from the movement trajectories these random walkers as a function of time. The timedependent diffusion coefficient Dt associated with the random Brownian motion of molecules
in porous media. If diffusion time is great enough, it will be a non-zero value that can
represent the entire pore characteristic because walkers can travel all of the pore space, but it
approaches zero in a closed pore space. Thus, the long-time self-diffusion coefficient of
molecule only in a connected pore structure divided by the one in the free space can be
defined as the diffusion tortuosity.
The formation factor (F) can be calculated from the tortuosity and interconnecting porosity.
𝐹𝐹𝐹𝐹 =

𝜏𝜏𝜏𝜏𝐷𝐷𝐷𝐷

1

=

(1)

∅

By Nernst–Einstein relation, the relative diffusibility, formation factor, porosity and
tortuosity are related to each other.
𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒

𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓

=

𝐹𝐹𝐹𝐹

∅

𝜏𝜏𝜏𝜏𝐷𝐷𝐷𝐷

(2)

where De is the intrinsic diffusion coefficient by using Fick’s law, and Df is the diffusion
coefficient in the free fluid (Promentilla et al., 2009).

3 Materials and Methods
3.1 Sample Preparations and Image Acquisition
The specimens of cemented sand used in this study were prepared by mixing Jumunjin
standard sand and ordinary Portland cement Type 1. The sand/cement ratio of each specimen
is 0%, 1%, 3%, 5%, 7% and water content which means the ratio of mass of water to solids
(includes both sand and cement) is 0.1. The mix design is shown in Table 1. Samples are
prepared in PVC molds and cured at 20℃ for 7days. One specimen per each mix was
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analyzed by the CT and one volume of interest (VOI) per specimen was selected for image
processing as described below.

Sand
(g)
1000
1000
1000
1000
1000

Table 1. Mix design of cemented sand.
.

Cement
(g)
0
10
30
50
70

Water
(g)
100
101
103
105
107

w/c
ratio
10.1
3.43
2.10
1.53

The X-ray imaging of specimens was performed by the Skyscan micro‐CT (Skyscan1272,
Bruker, Belgium). Acquired reconstructed image from tomographic data has 4904×4904
pixels and pixel size is 5 μm by 5 μm. 3280 layers of X-ray projection image are obtained
with exposure time of 5000ms and an angle step of 0.1∘ .
3.2 Construct of 3D Pore Space

The VOI which is the portion of the full data set chosen for segmentation is necessary due to
some limitations of memory during computation. The size of VOI should also be large
enough to eliminate the introduction of errors resulting from the cropping images (i.e., the
finite size). It has been suggested in previous literature that the minimum VOI should be at
least 100 𝜇𝜇𝜇𝜇m3 , or 3 to 5 times larger than the size of the largest distinct feature of the sample
for hardened OPC pastes, to eliminate finite size error (Garboczi and Bentz, 2001; Provis et
al., 2012). In this study, 1000×1000 pixels of region of interest applied to each images and
then it merged to 10003 voxels of VOI which is equal to 3D pore space which satisfies the
size requirement in image analysis. Hence, the raw images were cropped to 1000×1000 pixels
in the center of the specimen (Figure 1).

Figure 1. A slice through the full tomographic reconstruction of the 7-day 1%
cemented sand specimen. White dotted area shows the size of the VOI
selected.
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First, Gaussian blur and anisotropic diffusion were adjusted in sequence in order to smooth
the raw images while remaining the narrow pore space between sand particles. This procedure
enhances the accuracy of watershed algorithm applied later. Then, segmentation is carried out
to separate pore and solid due to the difficulty of distinguish sand phase and cement phase in
X-ray image at a resolution lower than 1μm/pixel. Thresholding value in grayscale is selected
as 5 greater than the value calculated by Otsu method in entire dataset due to eliminate the
noises in pores space (Otsu, 1979). In addition, the narrow pores between sand particles
containing lots of noises could be converted to pore after segmentation. Sand and pore phase
are modified to white and black, respectively.
After pore segmentation, 1000 slices of 2D images are merged to 3D pore space to

Figure 2. Application of watershed algorithm to separate the connected sand particles (2D images of
1% cement content): (a) filtered greyscale image, (b) binary segmented image, (c) binary image after
applying watershed algorithm.

implement further processing at 3D pore space directly. The white closed particles of which
size is smaller than the realistic sand particle is removed and the black closed particles that
has smaller size than one that exists in the sand particles are also removed. In Figure 2(b),
sand particles connected to each other in filtered greyscale image need to be separated
because in actual cemented sand, sand particles cannot adhere completely to other due to
roughness of surface. In addition, the narrow pores located near sand are transformed into
solid phase. Eventually, watershed algorithm is applied to binary segmented image for
severing connected sand fragments and restoring narrow pore surrounded by sand particles.
3.3 Particle Size Distribution of Sand
Particle size distribution (PSD) of sand is considered to verify the used image processing
method. Sieve analysis was performed for the identical sand to gain PSD data following
ASTM D422. In 3D pore space after applying watershed algorithm, all of the sand particles
exist independently. It allows to calculate the volume of each separated sand particles by
using cluster labeling. PSD is also obtained from these volume data by calculating equivalent
diameter. Therefore, the accuracy of segmented 3D pore structure can be evaluated by the
comparison of the PSDs obtained from the sieve analysis and image processing.
3.4 Tortuosity Calculation From Random Walk Simulation in 3D Pore Space
A 3D random walker simulation (Nakashima and Kamiya, 2007) implanted in MATLAB was
used to compute the MSD of random walkers in the segmented pore space. Mirror image
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boundary conditions were employed to the original pore space, resulting to an infinitely
expanded pore structure where simulations are performed with preserving the continuity of
inter-connected pore network. The average displacement of the walkers was plotted as a
function of the number of the timesteps and the tortuosity was calculated from the inverse of
the slope of this curve.
To execute the random walker simulation, a random pore voxel in the inter-connected pore
network is chosen as the initial position of each walker. In each timesteps, the one was
selected among the six voxels which are face-to-face connected with the random walker. Then
the random walker migrates to the selected voxel when it has been identified as pore space.
The diffusion tortuosity is defined as the ratio of the self-diffusion of a walker in free space to
the self-diffusion of a walker in the pore space such that:
𝜏𝜏𝜏𝜏𝐷𝐷𝐷𝐷 =

𝐷𝐷𝐷𝐷0

𝐷𝐷𝐷𝐷∞

= �lim

𝑡𝑡𝑡𝑡→∞

d〈𝑟𝑟𝑟𝑟 2 (𝑡𝑡𝑡𝑡)〉
d𝑡𝑡𝑡𝑡

�

−1

(3)

where 𝐷𝐷𝐷𝐷0 is the self-diffusion coefficient of a walker in free space, 𝐷𝐷𝐷𝐷∞ is the self-diffusion
coefficient of a walker in the pore space, and 〈𝑟𝑟𝑟𝑟 2 (𝑡𝑡𝑡𝑡)〉 is the average of MSD as a function of a
time. By using Eq. (3), restricted diffusion that reflects the geometry of the entire pore space
can be defined as the diffusion tortuosity. On such time scales, the MSD starts to increase
linearly with the number of timesteps due to an ample time for random walkers to travel the
entire pore space, leading to constant calculated tortuosity.

4 Results and Discussion
An example of the results from image analysis of the VOI is shown in Fig. 4. Segmented solid
phase is corresponding to the sand and cement particles including both hydrated and
unhydrated

Figure 3. Visualization of pore space from microtomographic images of the 1% cemented sand sample
(𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟑𝟑𝟑𝟑 voxels). (a) binary image of segmented solid phase. (b) binary image of segmented pore phase.

4.1 Porosity

987

Junil Pae and Juhyuk Moon

The data presented in Figure 4 shows that the segmented porosity decreases as the cement
content increases. This trend holds for all samples with one exception of 0% cement sample.
It showed a lower porosity than 1% cement sample. The 0% cement sample has only two
phases which are sand and pore besides other samples have three phase including cement
hydrate. This different number of phases can introduce the difference in overall shape of the
greyscale histograms that affects to the threshold value selection in segmentation process and
results underestimated porosity in the 0% cement sample. As cement content increases,
porosity decreases because cement particles fill more pore space which are formed by packing
of sand particles. The inter-connected porosity is completely equal to general porosity. This
implies that all pores found in cemented sample are connected.
0,5

Porosity

0,4

0,3

0,2

0

2

4

6

8

Cement Content (%)

Figure 4. Relationship between the porosity and cement content
for all samples.

4.2 Particle Size Distribution of Sand
Figure 5 compares the PSD of raw sand from sieve analysis and those of segmented solid
obtained by image analysis. The 0% cement sample and sieve analysis are subject to
investigate the accuracy of the microtomographic data in compare with actual data (i.e., sieve
result). There is a consistent horizontal shift between PSDs. The constant horizontal shift can
be introduced due to the discrepancy of the diameter used to plot. For instance, volumeequivalent diameter was applied to generate PSDs for all cemented sand samples, whereas the
diameter used for sieve analysis was a maximum diameter that a sand particle had to pass
through the specific sieve.
For the 1%, 3%, 5%, and 7% cemented sand samples, the size of segmented solid particles
increased as the cement content increased. This is expected because cement hydrate adheres
to sand particles. The size of segmented particle size is the largest for 7% cemented sand
sample because of the largest amount of cement used.
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Figure 5. Particle size distribution of sand particles for all cemented sand
sample and the data obtained by sieve analysis.

4.3 Tortuosity
Figure 6 shows the diffusion tortuosity of each sample calculated by random walker
simulation on the segmented pore space (i.e., interconnected pore). The diffusion tortuosity
increased with cement content increased. This implies that the pore space is being more
tortuous as cement added in the system. Cement hydration mainly occurs on the surface of the
existing sand structure. Therefore, cement hydrates adhere to the surface of sand particles
partially and make surface rough. At the same time, pores become narrower due to the
adsorption of cement hydrates resulting the increase of tortuosity.
Figure 7 presents the formation factor as a function of cement content. The formation
factor increased as cement content increased except for 0% cement sample which has
intrinsically different solid system (i.e., two phases vs. three phases) as previously discussed.
Nevertheless, obtained trends of increasing tortuosity and formation factor clearly suggest that
permeability and diffusion coefficient should decrease with cement addition. Thus, it can be
quantitatively inferred that the addition of cement in cemented sand is an effective way for
controlling permeability and diffusion.
7

2,1
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1,9

Formation Factor

DIffusion tortuosity
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1,8
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1,5
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Cement Content (%)

6

8

3
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2

4
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6

8

Figure 6. Relationship between the diffusion tortuosity Figure 7. Relationship between the formation factor and
and cement content for cemented sand sample.
7cement content for cemented sand sample.
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5 Conclusion
The porosity and tortuosity parameters obtained from the tomography data here provide an
indication of the pore network geometry and microstructure of cemented sand. Higher cement
content gave an increase in tortuosity and a decrease in porosity. This indicates that the small
addition of cement hydrate in compacted sand, makes pore space more tortuous.
This study has provided the methodical three-dimensional analysis of cemented sand by Xray microtomography. There remain difficulties in the accurate identification of pore and solid
regions in cemented sand due to the low X-ray absorption. Phase contrast tomography
proposes the potential in this area, but there is integral limitation due to microscale VOI
which is small to represent intrinsic parameters of cemented sand. Nevertheless, the data
presented in this study provide invaluable information regarding pore network, porosity and
tortuosity, and suggest the novel method for future developments which can be led to further
understanding on durability of solid materials.
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Abstract. Polyurethane waterproofing membranes are constructed at building sites by applying liquid
material to substrate. The membrane thickness is related to the durability of the waterproof material,
so quality control during construction is important. However, the membrane thickness is likely to be
unstable because it is affected by various factors, such as the environment, substrate conditions, method
of waterproofing material application, and construction skills. Therefore, a reduction in thickness
variation is extremely important to secure the quality of the waterproofing membrane.
To examine which construction conditions can ensure a uniform and appropriate thickness, we
examined the combination of allocation method of the suitable construction area and application tools
as an example of process control during construction. The construction area width and length were
important, and a comparatively uniform and appropriate thickness could be ensured, when construction
was carried out over an area with a 1.4-m width and length of 5.15 m by using the trowel and squeegee.
Keywords: Waterproofing Membrane, Polyurethane, Thickness of Membrane, Construction Area,
Application Tool.

1 Introduction
Waterproofing membranes that are generally used in Japan are a liquid material that is applied
to a base in a construction site, and a waterproof layer is formed by its hardening. The most
important quality control item is to ensure the appropriate membrane thickness, which is related
directly to the performance and service life of the waterproof layer. However, the membrane
thickness tends to become unequal, because it is affected by the construction environment,
foundation conditions, material, application method, and skill. Standard Japanese specifications
state that the thickness of the waterproof urethane coating membrane is confirmed by the
quantity used per unit area. However, there is no more detailed description of the concrete
construction method except for "In order to secure the thickness of membrane, the coating
amount per set of waterproof material is divided." Therefore, in many cases, concrete
construction is achieved by the judgment of the constructor, and as a result, waterproof layers
do not always reach the prescribed membrane thickness.
In this study, waterproofing membrane formation during construction was studied, and the
effect of area on the membrane thickness was examined as an example of the quality control
technique. The waterproof layer construction must be carried out over an appropriate time, and
this paper aims to show the optimum construction area by considering these. By using a
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concrete repair site floor and indoor laboratory, we carried out experiments by combining the
partition shape and sprinkling method of the waterproof material and construction equipment
as factors.

2 Effect of Observation of Waterproofing Membrane Work and Construction
Area on Membrane Thickness
2.1 Experimental Outline
The experiment was carried out by using the roof of a multiple-dwelling house to observe the
work content during waterproofing membrane construction and the effect of construction area
on the membrane thickness. The plain field with a comparatively small gradient was selected
as the waterproofing underlayer, and the area was made to be 14.0 m2 (4.0 m × 3.5 m) by
converting 27 kg of waterproofing material in one set into a target membrane thickness of 1.5
mm for one layer. As shown in Figure 1, two areas were prepared: area A in which the area line
was indicated clearly, and area B in which a mark was provided at each of four corners. The
waterproof material used was a two-component hand-kneaded type for flat field based on the
Japanese Industrial Standard.

Area A
ձ

Area B

ղ
Width

Length
3.5m

ղ

2.0m
2.0m

ձ
Width
Length

2.0m

2.0m

3.5m

Figure 1. Application of polyurethane material in the two areas.

2.2 Experimental Methods
The construction procedure was as follows. A ventilation buffer sheet was attached to the entire
roof. Then, three rows of 50-mm-wide aluminum tape were installed at 1.0-m intervals on the
base surface because the membrane thickness is measured by a nondestructive inspection
method (eddy current-type thickness membrane meter). The abovementioned area was prepared,
and the waterproof layer was constructed with a target membrane thickness of 1.5 mm. The
constructor was a technician with more than 20 years of experience, and a trowel was used as
the construction application tool. The outside air temperature was 12 °C and the humidity was 45%.
2.3 Work Observation and Thickness of Membrane-Measurement Methods
During the experiment, moving image photography was carried out from the work start to the
end, and the work content of the constructor was observed. After confirmation of the hardening
of the waterproof layer on the following day, the membrane thickness was measured by using
an eddy current-type thickness membrane meter. The measurement points were placed at 45
locations on the aluminum tape in each construction area.
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2.4 Work Contents of Contractor
The waterproofing membrane was constructed as follows. The constructor divided the 4.0-m
wide × 3.5-m long area into a 2.0-m width in which work was possible. A two-component
waterproof material was kneaded with a main agent and a hardener in the field. The kneaded
waterproof material was halved (13.5 kg) to fit the divided width of 2.0 m × 3.5 m length and
poured using a container. The waterproofing material that was poured in the construction area
was spread right and left by using a trowel. The other half of the plots was subjected to similar
work. Observation indicated that the waterproofing membrane construction is composed of
work where material was poured on the base and work where material was spread. The
construction area in the field was divided by the width in which the spreading work was easy,
and the amount of waterproof material poured was calculated in proportion.
2.5 Effect of Construction Area
The measured membrane thickness is shown in Figure 2 and it varied across both construction
areas. In construction area A in which the area was strengthened, the average membrane
thickness was 1.2 mm. In construction area B, which was constructed without much attention
given to the area, the waterproof material protruded from the area. Therefore, the coating
quantity in the area was insufficient compared with construction area A, and the average
membrane thickness decreased to 0.9 mm.
20

Area A

Frequency

15

Area B
Avg.1.2mm

Avg.0.9mm

10
5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Thickness (mm)

Figure 2. Measured thickness of areas A and B.

3 Effect of Pouring Waterproofing Membrane Material on Variation of
Membrane Thickness
3.1 Experimental Outline
The work observation indicated that it is necessary for the constructor to pour waterproof
material evenly from the container to the prescribed area, and to spread it uniformly by using
the construction tool. The waterproofing membrane thickness, "Area Length" appears to be
related to the pouring of the waterproof material, and the "Area Width" appears to be related to
the work of pushing and spreading. Therefore, the experiment was carried out by using these
as variables. A concrete floor (< 3/1000 accuracy) in an indoor laboratory was used as a base.
In the confirmation experiment of the preceding section, the partition width was divided into
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2.0 m to facilitate the spreading. This experiment was carried out at three section-length levels
of 9.0 m (0.8 m wide), 5.15 m (1.4 m wide), and 3.6 m (2.0 m wide), with a 7.2 m2 construction
area. To omit mixing in the field, the waterproof material of one component type for a flat field
based on the Japanese Industrial Standard was used.
3.2 Experimental Methods
The construction procedure was as follows. First, a polyethylene film sheet was laid on the
working surface because the waterproof material after curing was peeled from the base and the
mass was measured. The division was carried out and waterproof material (14.0 kg) that was
suitable for a target film thickness of 1.5 mm was poured linearly in the center of the division
width by using a pail can as shown in Figure 3. These operations were carried out in an
environment at a room temperature of ~23 °C and a 60% relative humidity by technicians with
more than 20 years of experience. After confirming the hardening of the waterproof layers the
following day, the spread waterproof material was cut into 10 pieces and its mass was measured.

Waterproof
Material
Figure 3. Pouring works (left) and cut membrane to measure their mass (right).

3.3 Area Length Effect

Standard deviation of weight (kg)

When the pouring work was observed, the waterproofing material appeared to flow out
uniformly from the container. However, the variation after curing was large, wide, and narrow
portions were intermingled. The mass standard deviation per unit length is shown in Figure 4.
0.6

��������������
0.4

9.0m

5.15m

3.6m

0.2

0

1.0

1.5

2.0

2.5
3.0
3.5
Weight per length (kg/m)

4.0

4.5

Figure 4. Relationship between material masses in three areas and their standard deviations
Figure 2.Polyurethane material and standard deviation of mass.
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based on the measured mass of the waterproof material. The standard deviation of the area
length of 9.0 m was 0.43 kg, that of 5.15 m was 0.38 kg, and that of 3.6 m was 0.34 kg. This
information shows that the material tended to be poured unevenly, when the length from which
the waterproof material was poured was lengthened.

4 Effect of Spreading Urethane Coating Waterproof Material on Membrane
Thickness
4.1 Experimental Outline
To confirm the effect of the "Area Width" on the film thickness, the experiment was carried out
with the same concrete base and construction area as used previously. The division width was
made to be three levels of a width of: 1.4 m (5.1 m long), which allows for a natural trowel
movement to the left and right; a narrower 0.8 m (9.0 m long); and a wider 2.0 m (3.6 m long).
As shown in Figure 5, the construction tool was a trowel, which was a standard construction
tool, and a polyethylene patterned squeegee with a 5-mm groove depth and a 600-mm width. The
target waterproof layer membrane thickness was 1.5 mm for the first layer and 1.5 mm for the
second layer, which totaled 3.0 mm. The waterproofing material was used in a commercial onecomponent-type flat field, and the regulated quantity was measured for each construction area.
These tasks were performed by technicians with more than 20 years of experience in an
environment of ~23 °C and a 60% relative humidity.
4.2 Experimental Methods
The construction procedure was as follows. At first, a ventilation buffer sheet that was treated
with aluminum alloy thin film was laid on the entire surface of the base because the membrane
thickness was measured in detail by using the eddy current-type thickness membrane meter.
The area was divided by the above-mentioned area width. To evaluate the effect of spreading
the waterproof material accurately, a frame was made in the central part of the area by a 10-mm
foamed polyethylene material, and a specified amount of waterproof material was poured
uniformly into the frame. The waterproof material was spread with each construction tool. After
confirming the hardening of the waterproof layer, the thickness of the first layer was measured.
The second layer was constructed by the same construction method, and the total membrane
thickness was measured on the next day. The membrane thickness was measured at 105 positions

Trowel

Squeegee

Figure 5. Spreading work using a trowel (left) and using a squeegee (right).
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from the center of the partition width at 0.3-m intervals on the left and right sides, respectively.
The time required from the start to the end of the spreading work was also measured.
4.3 Effects of Area Width and Application Tools on Membrane Thickness

Thickness of membrane (mm)

The relationship between the mean membrane thickness and the standard deviation is shown in
Figure 6. The membrane thickness distribution from the spreading work tends to be larger in
the second layer. The average membrane thickness from the trowel was 1.3–1.4 mm in the first
layer and 2.8 mm in the second layer. The value tended to be close to the target membrane
thickness, which indicates that the target membrane thickness is approached regardless of the
partition shape when the specified amount of waterproofing material is sprayed by specifying
the partition. The membrane thickness distribution increased as the area width increased and
was 1.1–1.9 mm in the first layer and 1.9–3.5 mm in the second layer. This occurs because,
when the area widens, the distance required to move the trowel to the right and left increases,
and it becomes difficult to push and expand the waterproof material uniformly. The average
squeegee membrane thickness was 1.3 mm in the first layer, it became 2.7–2.5 mm in the second
layer, and it decreased with an increase in area width.
When the construction area was observed, the waterproof material stuck out from the area
by back and forth application by the tool. Therefore, the coating quantity in the construction
area is believed to be insufficient, and the film thickness was affected. The membrane thickness
dispersion decreased as the area width increased. The membrane thickness of the first layer was
0.9 mm and that of the second layer was 1.3–1.5 mm, which was more uniform than that
achieved with the trowel.
Trowel

4.0

Squeegee
Total (1st layer + 2nd layer)

3.0
2.0

1st layer

1.0

0.0
Width
(Length)

0.8 m
9.0 m

1.4 m
5.15m

2.0 m
0.8 m
3.6 m
9.0 m
Size of area

1.4 m
5.15m

2.0 m
3.6 m

Figure 6. Average thickness of membrane and standard deviation of three.

4.4 Effect of Area Width and Application Tools on Work Time
Figure 7 shows the relationship between the shape of the construction areas and the work time
for each construction application tool. The work time for the trowel decreased as the area width
increased, especially in the second layer. For the squeegee, the work time lengthened as the
area widened. This tendency is opposite to that for the trowel because a large amount of
waterproofing materials can be pushed out at one time when the area width increased. The
squeegee is efficient when the area length is long because it requires application tools to carry
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out the spreading work while pulling in the advancing direction. However, it is necessary to
turn the application tools back and forth at a considerable frequency, when the area width
widens like this experiment, and these appear to affect the work time.
Trowel

Working time (min)

20.0

Squeegee
Total (1st layer + 2nd layer)

15.0
10.0

1st layer

5.0

0.0
Width
(Length)

0.8 m
9.0 m

1.4 m
5.15m

2.0 m
3.6 m
Size of area

0.8 m
9.0 m

1.4 m
5.15m

2.0 m
3.6 m

Figure 7. Working time in spreading work of three areas.

4.5 Consideration of Optimal Construction Area from the Viewpoint of Securing Membrane
Thickness
The standard deviation of the membrane thickness for the trowel and squeegee area and the
pouring and spreading work are shown in Figure 8. To ensure a stable membrane thickness, an
area with a wide width and a short length should be used in the pouring work. On the other
hand, the spreading work differs depending on the application tools and a narrow partition is
desirable for the trowel. In a squeegee, the standard deviation tends to decrease as the area width
increases and the area length shortens, and a trade-off relationship exists. The squeegee appears
to be an effective application tool when the application quantity is easy to control compared
with the trowel because the edge of the tip is a combed shape, and when the construction area
is wide. The work time is reduced, and the productivity is improved when the area width
increases. However, a reciprocal relationship exists with the quality, and the membrane thickness
Trowel

Standard deviation (mm)

0.6

Squeegee
⣔ิ3
Pouring work
Spreading work
⣔ิ1

0.4

0.2

0.0
Width
(Length)

0.8 m
9.0 m

1.4 m
5.15m

2.0 m
0.8 m
3.6 m
9.0 m
Size of area

1.4 m
5.15m

2.0 m
3.6m

Figure 8. Standard deviation of membrane in pouring and spreading work.
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distribution increases, when the time is shortened excessively. The area and cure time of
materials at the construction area and the work quantity and productivity must be considered
and judged synthetically.
Although this experiment was a prerequisite construction area of 7.2 m2, it appeared to be a
well-balanced construction area where the width of 1.4 m and the length of 5.15 m made it easy
to prepare a suitable membrane thickness, when the time required for both application tools was
considered.

5 Conclusion
We obtained the following conclusions from this study.
- To secure the waterproofing membrane thickness, a clarification of the construction area
and the area shape are important in addition to the management of the application amount.
- During the waterproof material pour, the dispersion is smaller in the shorter area length.
The length of the pouring waterproofing material increases and tends to be scattered
unevenly.
- The area width of the spreading work differs according to the construction application tools.
The membrane thickness distribution tended to be small; the partition width was narrow
for the trowel and was widened with the squeegee.
- The work time differed significantly according to the construction application tool. The
work time decreased when the area width widened with the trowel and became narrower
for the squeegee.
- The partition width and length are important to ensure an appropriate membrane thickness.
In this experiment, an area width of 1.4 m and a length of 5.15 m appeared to provide a
comparatively well-balanced construction area shape for the trowel and squeegee.
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Abstract. This paper presents a field study on the hygrothermal performance of hydrophobised masonry
walls, provided with vapour tight or capillary active interior insulation. As a reference, also nonhydrophobised and non-insulated walls are analysed. To study the hygric performance, apart from
traditional relative humidity sensors, in-house made moisture pins are embedded in the walls and are
shown to yield valuable information in the high moisture range. Attention is given to the hygric
performance of the wooden beam heads, the impact of wind-driven rain on the moisture conditions in
the masonry wall, as well as to the impregnation depth of the water repellent agent. For the latter, the
field study is supplemented with X-ray and liquid droplet measurements on a small semi-duplicate test
wall. During the hydrophobisation process, an increased moisture level was induced. A drying period
was needed to again reduce this level. After this period, a hydrophobic treatment showed a positive
impact on the wall’s hygric performance. The non-hydrophobised wall with a vapour tight interior
insulation system showed the highest moisture level, especially deeper in the wall and thus where the
wooden beam ends are located.
Keywords: Internally Insulated Masonry, Hydrophobisation, Hygrothermal Performance, Wooden
Beams, Moisture Pins.

1 Introduction
Driven by energy concerns and stricter energy regulations, wall insulation gains increasing
importance. When dealing with renovation projects, three post-insulation techniques make a
thermal upgrade of existing walls possible, i.e. cavity wall insulation, exterior insulation or
interior insulation. For massive masonry walls with a valuable exterior facade, however, interior
insulation remains as the only option. Unfortunately, interior insulation often leads to higher
moisture contents in the wall, increasing the risk on wood rot of embedded wooden beam ends,
frost damage, etc. (Vereecken et al., 2015). These damage patterns are to a large extent caused
by an exterior moisture source such as wind-driven rain (WDR), and therefore the application
of a hydrophobic treatment is often pushed forward. To correctly estimate the effectiveness and
potential side effects of a hydrophobic treatment, however, more insight on the moisture
transport in hydrophobised walls is required. Thereto, this paper presents the results of a field
study on the hygrothermal performance of hydrophobised internally insulated masonry walls.
Both walls with a vapour tight and with a capillary active interior insulation system are
studied. As a reference, non-hydrophobised and non-insulated walls are analysed. The paper is
organised as follows. Section 2 first describes the field test setup and the applied measurement
techniques. Next, in Section 3 a selection of the logged data is presented and analysed. In
Section 4, a special focus is put on the impregnation depth in the masonry. Finally, in Section
5 the main conclusions are drawn.
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2 Field Test Setup
2.1 Test Walls
To study the impact of hydrophobisation on internally insulated walls, six 1.5-stone thick
masonry test walls of approximately 32 cm thick, 0.6 m wide and 2.7 m high were constructed
in two south-west oriented wall frames of the VLIET test building of KU Leuven (Figure 1a).
The masonry assemblies were masoned by use of Vandersanden Robusta bricks (Acap ≈ 0.61
kg/(m2.s0.5)) and lime mortar (ratio: 12.5 kg Saint-Astier NHL3.5, 50 kg River sand 0/2, 10
litres water; Acap ≈ 0.26 kg/(m2.s0.5) for mould cured mortar). Between the different test walls a
barrier was provided, such that the hygrothermal behaviour of the test walls was not affected
by the adjacent test walls. The construction of the test walls was finalised by the end of August
2017, after which a drying period took place. On October 23th 2018, three of the six test walls
(Figure 1b) were hydrophobised by use of Silres® SMK2100 from Wacker Chemie AG. An
impregnation depth of 3 cm in the bricks was pursued, for which per m2 wall 6.9 litres of a 10
vol% hydrophobic agent solution was applied by spraying. The rain load on the test setup was
measured via two wall-mounted WDR gauges (Figure 1b,c), with a collection area of 0.2 m x
0.2 m, as used by Blocken and Carmeliet (2006). To ease a comparison between the wall’s
hygrothermal performance and the WDR, the WDR load measured by the top WDR gauge is
shown together with the results (Figure 4a).

Figure 1. Outside view of the field test setup: (a) south-west oriented side of the VLIET-test building,
(b) hydrophobised and non-hydrophobised masonry test walls with (c) wind-driven rain gauges.

On the inside, two test walls were provided with a vapour tight XPS interior insulation
system, while two other test walls had a capillary active calcium silicate (CaSi) interior
insulation system. Both systems were built up of a 10 cm thick insulation board which was fully
adhered to the masonry by use of a glue mortar. As an interior finish, the XPS-system and the
CaSi-system were provided with a gypsum board and plaster layer, respectively. The
application of the interior insulation systems was performed in the second half of December
2018. The remaining two test walls had no interior insulation system, and thus acted as
reference walls. An overview of the six test cases is given in Table 1. In each of the test walls,
two wooden beam ends were embedded in the masonry (Figure 2). The upper wooden beam
ends were in contact with a mortar layer, whereas for the lower wooden beam ends an air gap
was present at all sides except for the bottom of the wooden beam end. At the room side, the
end of the wooden beams were covered with bituminous paint, avoiding vapour diffusion via
the longitudinal wood direction. To prevent convective moisture transport, as discussed in
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(Vereecken and Roels, 2018), the gap between the wooden beam and the insulation system was
sprayed up with flexible PUR-foam and the connection with the interior surface was sealed with
an airtight tape. After all, also in hygrothermal studies including a wind-driven rain exposure
(Kopecký et al., 2019) an airtight sealing of the beam junction has been put forward.

Figure 2. Inside view of the test walls: (a) global overview of the internally insulated and non-insulated test
walls with embedded wooden beam ends, (b) wooden beam end in contact with mortar and (c) wooden beam end
in contact with an air gap.
Table 1. Overview of the test walls.

Label
NH-XPS
NH-CaSi
NH-Non
H-XPS
H-CaSi
H-Non

Hydrophobisation?
No
No
No
Yes
Yes
Yes

Interior insulation system
XPS
CaSi
Non-insulated
XPS
CaSi
Non-insulated

2.2 Measurement Techniques
The temperature and the relative humidity in the test walls were measured by use of in-house
calibrated Thermo Electric Type T (class 1) thermocouples and Honeywell HIH-4021 humidity
sensors, with an accuracy of +/- 0.2°C and +/- 2% RH. Furthermore, in-house made moisture
pins, measuring the electrical resistance, were used to analyse the moisture conditions at the
back of the wooden beam ends, in the mortar in the masonry, in the glue mortar and in the
calcium silicate. It is well known that the electrical resistance of a material depends on the
material’s moisture content, as moisture is a good electrical conductor. The lower the electrical
resistance measured in a material, the higher the moisture content of the material. For a more
in depth description on the electrical resistance method, the reader is referred to (Otten et al.,
2017). At half height of the test walls, additionally a heat flux sensor was glued at the warm
side of the masonry. The position of the different sensors is shown in Figure 3. For the moisture
pins a preliminary calibration took place, of which an example for the in-situ mortar moisture
pins is given in Figure 3c.
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Figure 3. (a) Position of the thermocouples, humidity sensors, moisture pins and heat flow sensor indicated for
the wall with CaSi, (b) in-house made surrogate (left) and in-situ (right) mortar moisture pins, (c) preliminary
calibration curve for the in-situ mortar moisture pin.

3 Results
Hourly-averaged data are used for the analysis of the hygrothermal performance of the test
walls. In what follows, the measurements achieved in the period from June 2018 till the end of
October 2019 are shown. Thus, a period in which the walls were all non-hydrophobised and
non-insulated is included, showing the similar initial moisture level for the six walls. In the
legend of the graphs, from the start however, these walls are indicated by their final state of
hydrophobisation and interior insulation system. Focus is put on the moisture conditions in the
mortar layer in the 1D-part of the masonry, as measured by the in-situ mortar moisture pins,
and on the moisture conditions of the wooden beam ends. To analyse the data measured by the
moisture pins, it is important to keep in mind the inverse relation between electrical resistance
and moisture content. A lower electrical resistance represents a higher moisture content.
Furthermore, a preliminary calibration of the in-situ mortar moisture pins (Figure 3c) showed
an electrical resistance above 60 x 10 log(Ω) to correspond to a similar moisture content. The
electrical resistance at which this phenomenon occurs can however slightly vary depending on
the material the moisture pins are embedded in (Brischke et al., 2008). Hence, at this point, the
moisture pins don’t allow an absolute comparison of the measurement data in the lower
moisture range (above an electrical resistance in the range of 60 x 10 log(Ω)).
3.1 Moisture Conditions in the 1D-Masonry Part
Figure 4b, c and d show the electrical resistance as measured by the in-situ mortar moisture
pins in the middle (1D) part of the test walls. Additionally, the relative humidity at Position 5
is shown (Figure 4e). Both the relative humidity and the electrical resistance show a drying
behaviour in the period before the water repellent agent was applied. When applying the
hydrophobisation, for the hydrophobised walls an abrupt drop in electrical resistance is shown
at Position 6, which is closest to the outer surface. After this, the electrical resistance starts
increasing again slowly, which indicates a drying of this outer masonry region. For Position 5,
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Figure 4. (a) Cumulative wind-driven rain load measured by the top WDR gauge, (b,c,d) electrical resistance
measured by the moisture pins in the 1D-part of the walls for (b) Position 6, (c) Position 5 and (d) Position 4, (e)
relative humidity measured in the 1D-part at Position 5 (see Figure 3 for an indication of the positions).

a decrease in electrical resistance occurs over a longer time period after the hydrophobisation
(pink rectangle), which can be attributed to an inward redistribution of the water used for the
water repellent solution. For the hydrophobised wall with a CaSi-interior insulation system, the
measurement data seem to be shifted upward compared to the other walls. No explanation is
found for this behaviour and a malfunctioning of the moisture pin is assumed; though the
decreasing trend is also here visible. For the three hydrophobised walls, the inward
redistribution indicated by the moisture pins is confirmed by the relative humidity sensor at
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Position 5 (Figure 4e). Deeper in the wall (Position 4), no distinct changes are found during or
shortly after the application of the hydrophobisation (Figure 4d).
In December 2018 (yellow rectangle), a reverse behaviour can be observed. In a part of this
period the sensors were disconnected to install the interior insulation systems. Though, a
comparison of the data before and after this interruption shows, especially for Position 6, a
strong decrease in electrical resistance for the three non-hydrophobised walls. This can be
attributed to wind-driven rain absorbed by the walls (see Figure 4a). The electrical resistance
measured in the hydrophobised walls remains substantially the same. A similar behaviour is
found in October 2019. Other WDR loads (e.g. in February/March 2019) are less visible, since
the moisture level in the wall is already high at that time.
The impact of the interior insulation systems is visible in the relative humidity at Position 5
(Figure 4e). In spring and summer, a decrease in relative humidity is observed, which occurs
first for the hydrophobised non-insulated wall, followed by the hydrophobised wall with the
CaSi-system and the non-hydrophobised non-insulated wall. Next, the relative humidity in the
hydrophobised wall with XPS starts decreasing, but this occurs slower than found for the nonhydrophobised wall with the CaSi-system. The relative humidity sensor in the nonhydrophobised wall with XPS showed some malfunctioning due to the high moisture load.
3.2 Moisture Conditions at the Wooden Beam Ends
Figure 5 shows the relative humidity at Position 5 on the wooden beam ends. For the beam ends
in contact with mortar (Figure 5a) the relative humidity at the beginning of June 2018 is found
to be above 90%. The test walls are at that moment still non-hydrophobised and non-insulated,
and hence show a relative humidity that is in close agreement for the different walls. During
the next half year, a drying out takes place until a quasi-equilibrium is found close above 60%
RH. For the lower beam ends provided with an air gap between beam and masonry (Figure 5b),
the relative humidity level is found to be between 40 and 65% during this entire period.
For the period after January 2019, for both the upper and lower wooden beam end an increase

Figure 5. Relative humidity at Position 5 (see Figure 3) at (a) the upper and (b) the lower wooden beam end.
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in relative humidity is measured for the walls with interior insulation. This can be partially
explained by the lower wall temperature. Apart from this, also a higher moisture content in the
wall as indicated by the moisture sensors (Figure 4d) can contribute to this, especially for the
upper wooden beam which is in contact with mortar. During spring and summer, the relative
humidity starts decreasing again. Also here, the slowest decrease is found for the nonhydrophobised wall with XPS and the fastest for the hydrophobised system with CaSi. The
relative humidity level for the non-insulated walls remains rather stable over the entire period.

4 Analysis of the Impregnation Depth
In Section 3, the hydophobisation process was shown to induce a large increase in moisture
content in the mortar at 5 cm from the outer surface of the masonry (Position 6). In order to
achieve a view on the extent to which also the hydrophobic agent was transported in the wall,
the impregnation depth was further analysed via an additional laboratory test setup. Thereto, a
small test wall masoned with the same type of bricks and mortar as applied in the VLIET test
setup and hydrophobised in a similar way (Figure 6a) was built. This wall was cut in half (Figure
6b) and tilt such that the center plane became a horizontal plane on which the penetration depth
of the hydrophic agent could be analysed via the droplet method. Water droplets were dropped
on the surface by use of a pipette and the contact angle of the droplet was analysed. For the
bricks, three zones were detected (Figure 6c). In the zone closest to the outer (hydrophobised)
surface a fully hydrophobised effect was observed. Droplets with a contact angle larger than
90° were clearly noticed (Figure 6e). The impregnation depth in the bricks seemed to be larger
than the pursued 3 cm, which might be due to the dynamic way of spraying the
hydrophobisation. This zone passed into a second zone where the droplets collapsed and were
next absorbed slowly by the brick layer (Figure 6d). Deeper in the wall the bricks seemed not
impregnated. After this droplet measurement, a small brick-mortar sample (Figure 6f) was sawn
out of the middle surface of the smaller test wall. The non-hydrophobised surface was brought
in contact with a water level, while the moisture content in the test sample was analysed by the
X-ray projection technique (Roels and Carmeliet, 2006). At the end of this experiment, the
moisture front had reached the boundary of the first impregnation zone (figure 6g). In the mortar
layer, the impregnation depth was found to be much smaller (1 to 2 cm). Hence, the increase in
moisture content observed in Section 3 is expected to be attributed to liquid transport only. The
active ingredient is not transported with it to the position of the moisture pins in the mortar.

Figure 6. Study on the impregnation depth for a small semi-duplicate test wall: (a) the test wall, (b) test wall
vertically cut in half, (c,d,e) droplets and collapsed droplets indicating different hydrophobised zones, (f) test
sample sawn out the test wall for the X-ray test with metal dummy’s as position references, (g) moisture content
measured by the X-ray projection method after bringing the non-hydrophobised surface in contact with water.
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5

Discussion and Conclusions

Preliminary results of a field study on the impact of interior insulation and hydrophobisation on
the hygrothermal performance of massive masonry walls with embedded wooden beam ends
has been presented. In-house made moisture pins yielded valuable information on the moisture
transfer in the masonry during and after spraying the water repellent agent. After all, installing
RH sensors in the wet mortar entails a risk on malfunction of the sensors and is not obvious in
the high moisture range. A further calibration of the moisture pins is however required to make
a conversion to the moisture content and a further analysis of the measurements possible.
In the current study, an increased moisture level was induced during the hydrophobisation
process. A drying period was needed to again reduce the moisture level near the outer surface.
When disregarding the period shortly after applying the water repellent agent,
hydrophobisation showed a positive impact on the wall’s hygric performance. Deeper in the
wall, near the wooden beams ends, the highest relative humidity was observed for the nonhydrophobised wall with a vapour tight interior insulation system. The non-insulated test walls
showed the lowest relative humidity, regardless of the presence of a hydrophobisation. Further
research will include an analysis over a longer time period, to exclude the initial influence of
the application of the water repellent agent, and this for the total set of sensors and moisture
pins embedded in the test walls.
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Abstract. In the framework of Circular Economy policies aimed at reducing the consumption of raw
materials, shives, as an agricultural by-product of hemp cultivation, have gained a renovated life in the
construction sector. Its excellent thermal insulating properties permitted the development of new
building materials to be used in various executive technologies. When shives are mixed with a mineral
binder such as lime or cement, the mixture is usually referred to as hempcrete. In Italy, the use of
hempcrete and the development of new production chains and implementation techniques dates back
only to about the last decade, while other European countries have more long-lasting experiences
(90s). In order to assess the potential benefits of hempcrete in the construction sector, its environmental
performances were evaluated using the LCA methodology, by comparing four non-loadbearing
representative walls, one made with hempcrete blocks and the others with more “traditional” materials.
This research constitutes a solid basis for the development of future guidelines and/or regulations at
national and international level in order to guarantee the maximum diffusion of this type of product.
Then, a study has been carried out regarding the functionality of hempcrete blocks in masonry, layered
with finishing plaster made of fine hemp shives, to evaluate the in-situ hygrothermal building
performance. In particular, measurement methods were developed and analysis were carried out on two
houses, one in northern Italy and one in southern Italy, and precisely in Sicily, focusing the study on the
performances of the walls subjected to warm Mediterranean climates. Indeed, the literature on masonry
behavior in hot Mediterranean climates is much scarcer than in cold climates.
Keywords: Hempcrete, Hygrothermal Behaviour, Sustainable Materials, Mediterranean Climate,
Durability.

1 Introduction
The building sector has a major impact on the natural environment, so sustainable building materials
have been developed to reduce the emission into the atmosphere of carbon dioxide and polluting
gasses typical of the process of production of traditional building materials. Among sustainable
materials, the nature-based solutions are carbon negative and characterized by low-embodied
energy (Murphy and Norton, 2008; Ip and Miller, 2012); in addition, they are able to improve the
performances of a building envelope because of their remarkable insulating properties.
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Many bio-composite materials are produced introducing biomasses, residual of agricultural
cultivation (e.g. hemp, straw, rice-husk), into traditional binders (e.g. lime, concrete). In this way,
the new building materials exploit natural resources that would otherwise be wasted, being the byproduct of agricultural activities (Liu et al., 2017).
This study focusses on hempcrete which is produced introducing hemp shives into an hydraulic
binder. The increasing utilization of this material is due to its characteristic hygroscopic
properties which determine an improvement of the indoor environmental comfort as reported,
for example, by Nordby and Shea (2013). The present research aims to investigate the
performances of walls built using hempcrete blocks. The bio-blocks are not- loadbearing and they
are used to insulate thermally external or internal walls or to divide internal spaces. The
prefabricated blocks production developed in order to solve some issues typical of casting of
hempcrete in situ; especially the hardening step which is critical as it significantly influences the
homogeneity of the properties in the casted material. Hence, by producing blocks, it is possible to
control the hardening phase and to improve the quality of the material (Elfordy et al., 2008).
A preliminary evaluation of the environmental performances of a wall made with hempcrete
blocks has been performed through LCA (Life Cycle Assessment) methodology according to EN
ISO 14040-14044:2006 standards. A comparative assessment with different wall systems was
started, preliminarily only at A1-A3 stages, i.e. product stage (EN 15804:2012 +A2:2019).
Then, this research develops experimental methodologies to investigate the hygrothermal
behaviour of hempcrete during its service life, so it would be possible to evaluate its durability
in situ. The measurements have been performed on walls built using the same type of
hempcrete blocks in two residential houses in Sicily (southern Italy) and in Veneto (northern
Italy).

2 Durability of Hempcrete
Durability has a crucial importance for building materials, few data exist about the durability of
hempcrete in real structures because its utilization is relatively recent, it has been used in France
from 1990s and in Italy only from 2000s. The first data collected on buildings have given good
results, comparable to the performances of traditional materials (Clarke, 2002). The aim of this
project is to perform field test in the two selected buildings, both in Sicily and in Veneto, to
obtain information about the behaviour of hempcrete blocks. This would support the users in the
utilization of the material. The interesting results on the performances of the material presented in
this paper will be implemented with periodical tests to study the evolution of the performances
of the material and its durability in residential structures.
The main concern about the durability of hempcrete is determined by the presence of vegetal
material because the variation of moisture conditions can cause its degradation. Thus, a
decrease of the performances of hempcrete and, possibly, a reduction of the salubrity of the
environment could occur.
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Data about the durability of hempcrete can be collected carrying out laboratory tests, some
studies have simulated possible critical situations, typical of the service life, but field tests are
recommended to increase the knowledge about the material. The effects of biological attack by
bacteria or fungi have been studied by inoculating microorganisms into the material. Periodic
measurements along two years have been carried out by Walker et al. (2014) after the abundant
introduction of bacteria; the results show that microorganisms, even those able to live in
alkaline conditions, did not proliferate and degradation did not occur. Moreover, the alternating high
and low values of humidity, typical of Mediterranean climate, further limit their permanence
into the material. The alternation of wet and dry periods is fundamental to avoid the biological
degradation: high humidity favours the spread of fungi or bacteria on the surface of hempcrete
reducing the hygrometric performances of the wall while low humidity allows the penetration of
microorganisms inside the material reducing the water vapour permeability (Arizzi et al., 2016).
The importance of testing even after several months is underlined by Marceau et al. (2017) who
have found the conditions necessary for the mould growth: high relative humidity (around 98%) and
pH lower than 10. The pH of hempcrete decreases due to the carbonation process, for this
reason a long-term monitoring would allow to investigate the behaviour of the material in critical
conditions. Some biocide treatments as γ irradiation of hemp shives, addition of anti-microbial or
nanoparticles able to increase the resistance to bacteria or fungi have been proposed (Arizzi et al.,
2016).
Beside the growth of microorganisms, the moisture content influences also the density and,
consequently, the thermal conductivity of the material. Hence, proper ventilation and correct
selection of the protective coating, are crucial to preserve the properties of hempcrete besides to
counter the biological degradation (Marceau et al., 2017). The resistance to freeze-thaw cycles is
good, no cracks or modification of the microstructure have been detected for a year on
hempcrete blocks, characterized by different hemp-to-lime ratios, after 10 freeze-thaw cycles in
conditions near saturation (RH around 90%). Carbonation reduces the vulnerability to freezethaw cycles because the formation of calcium carbonate reduces the porosity of hempcrete and
hence the amount of water absorbed (Walker et al., 2014). Furthermore, tests of exposure to salt
(NaCl) performed by Walker et al. (2014) and Arizzi et al. (2016) did not provoke degradation of
blocks and no effloresce was detected. If salt precipitates on the surface, it is easily removed by
rainfall while, if absorbed, the hygroscopic behaviour helps in weathering through natural wet-dry
cycles. Therefore, the weathering of salt is less aggressive in hempcrete than in other inorganic
porous materials (e.g. stone, mortar).

3 Life Cycle Assessment
In recent years, the interest for hemp-based building materials has increased also due to their
expected positive environmental performances (Ingrao et al., 2015). However, few LCA
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studies have evaluated different hempcrete wall technologies: spray (Boutin et al., 2006; Pretot
et al., 2014) sprayed hempcrete with timber frame support (Ip and Miller, 2012; Pretot et al.,
2014) and blocks. A preliminary environmental assessment of the hempcrete technology is
given here by evaluating a representative wall made with hempcrete blocks. Recently, the
environmental performances of an Italian hempcrete block (Arrigoni et al., 2017) as well as
hemp cultivation (Zampori et al., 2013) have been carried out.
In order to assess the environmental sustainability of hempcrete blocks used in non-load
bearing walls, three additional alternatives have been selected and compared at the level of
materials production (A1-A3, EN 15804:2012+A1:2019): masonry bricks, expanded clay bricks
and aerated autoclaved concrete (AAC) blocks with cement-lime mortars. The comparison is
based on 1 m2 of vertical non-load-bearing wall (Functional Unit). Data for alternative bricks are
taken from Environmental Product Declarations (EPDs) of selected producers (Aversa et al.,
2019; Margutti and Pennati, 2018). The impact categories selected are those reported in the
EPDs and the method used to evaluate the environmental burden of the four walls is CML 2001
(Guinée and Lindeijer, 2002).
In Figure 1, the results of the four walls in seven impact categories are compared. The
hempcrete wall solution has very positive performances in six out of seven impact categories. This
preliminary LCA is highly promising, especially considering that only the first life cycle stages of
the building are included in the analysis. Further benefits will certainly come from the use stage
and end-of-life. Moreover, a detailed LCA study of hempcrete blocks is being carried out to take
into account production improvements occurred in the last year.

Figure 1. Wall system s comparative LCA assessment at the product stage A1-A3.
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4 Case Study
The experimental methodology to perform the field measurements that allow to determine the
hygrothermal performances of hempcrete walls has been tested in laboratory on a 1m2 wall, built
in hempcrete blocks, introduced in a climatic chamber. Known temperature cycles have been
applied to simulate hot temperate climates (Aversa et al., 2019). The test wall had been built
employing the same type of blocks used in the perimeter walls of the detached houses in Sicily
(Serradifalco, CL).
Currently, the data collected in the Sicilian campaign have been elaborated, the reference
standards are UNI EN 15026:2008 and UNI EN ISO 13788:2013. The measurements have
been performed on the South-West, South-East and North-West walls for 13 days (in August)
during which the inhabitants where not present to exclude the influence of the air conditioning
system. The wall system is 400mm thick (Figure 2): the hempcrete blocks have a thickness of
360 mm, the ratio between dolomitic lime and hemp shives is 3:1; the plaster is premixed,
constituted by hydraulic lime NHL 5 and it has thickness of 20 mm both on the internal and on
the external face of the walls. The bedding mortar is characterized by a dolomitic lime-to- hemp
shive ratio of 3:1.

Figure 2. Wall system: 1-plaster (thickness: 20 mm); 2-hempcrete blocks (thickness:360mm); 3-bedding mortar.

Temperature and humidity sensors have been applied on the walls (see Aversa et al., 2019)
while the outdoor weather conditions have been measured by a weather control unit. The
temperature and humidity of internal and external surfaces of the North-West wall, detected
during the period of analysis, are plotted in Figure 3.
Regarding the relative humidity, on the internal wall an average value of 67% has been
measured while the external value shows variations in between 40% and 100%, due to some rainy
days during the monitoring period. Hence, the behaviour of the wall is good, the damping has
been higher than 80%. Also, the thermal response has been good, the average temperature
measured on the internal wall has been 26°C (with variations of ± 1.5°C) in
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response to the variations of external temperature between 15°C and 35°C. Likewise
humidity, the damping is higher than 80%. The offset between internal and external humidity
is of 6 hours, relatively to the maximum peak of humidity, while the offset was around 8
hours in laboratory tests (Aversa et al., 2019).

Figure 3. Temperature (T) and relative humidity (RH) measured on the internal (int) and external (ext) faces of
the North-Westwall of the housein Sicily during the 13 days of analysis.

The implementation of the results with the numerical simulations and the new
experimental campaigns will enrich the knowledge about the behaviour of hempcrete in a
detached house. This will be implemented by the measurements carried out in Veneto. The
case-study in Sona (VR) is different from the Sicilian because hempcrete has been applied
only in a room, during the renovation of the building. In this case, the data will provide
information both on the performances of hempcrete into a different climate than the Sicilian
one and on the behaviour of the material when installed in combination with other materials.

5 Conclusions
This study shows the promising performances of hempcrete blocks both in terms of
environmental sustainability and hygrothermal properties. The preliminary environmental
assessment through LCA is highly encouraging and seems to confirm what has been already
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demonstrated in the recent literature, i.e. that the use of hempcrete blocks has a beneficial effect
on relevant impact categories. Furthermore, some of the advantages of the hempcrete are not
clearly evidenced in the first life cycle stages of a building, in terms of energy saving and
recyclability at the end-of-life.
The first evaluation of the hygrothermal performances of hempcrete blocks in the Sicilian
climate is positive. The indoor temperature and humidity were almost constant during the analysis
period without the utilization of ventilation, air-conditioning systems or air exchange. Further
measurement in situ will allow to understand the evolution of the material performances in time.
Thus, the durability of hempcrete will be evaluated together with the possibility to install it in place
of traditional materials, especially when sudden climatic variations occur, or higher humidity and
continuous rain conditions verify.
Moreover, the availability of residential houses for in situ measurements will allow the
evaluation of energetic behaviour of the buildings and the evaluation of the environmental
performances of the material when applied in construction works. Also, the effects on the indoor
comfort will be investigated i.e. humidity and temperature of the internal spaces will be
measured.
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Abstract. In North America, clay bricks are qualified as durable if they meet either the ASTM C216 or
CAN/CSA A82.1 standard. Although these standards are widely used in North America, they have not
been linked with pore Structure (PS). Furthermore, moisture content and pore structure (PS) are two
significant parameters that influence the performance of clay bricks during the freezing-thawing
process. Thus, finding a relationship between them will lead to a quick assessment of water absorption
(WA) and knowing their effect on frost resistance (FR). This work aims to investigate the relationship
between PS and WA of clay bricks. Five different types of clay bricks were examined. WA of brick
samples was determined according to the CAN/CSA A82.1 standard. Mercury Intrusion Porosimetry
(MIP) was used to determine the total porosity and pore size distribution (PSD). The variation of 24-h
cold water absorption (CWA) among samples of each type of brick was analyzed and each type of brick
was divided into three groups according to their 24-h CWA: low – medium – high. The PSD of bricks
was also divided into several ranges based on the pore size. The results indicated that some types of
brick have a wide variation in 24-h CWA, which could affect the frost resistance evaluation. The strong
relationship between WA and PSD was found, which could be used as a base for determining 24-h CWA.
Keywords: Clay Brick, Frost Resistance, Water Absorption, Pore Structure.

1 Introduction
Numerous contributions in the literature have dealt with the frost durability problem regarding
its mechanism and theories, influential factors, and evaluation methods (Stupart, 1989). Frost
resistance (FR) is defined as the ability of materials to resist frost damage when exposed to
climatic conditions (Mallidi and Reddy , 1996). Many researchers also have studied and
determined the parameters that influence the FR of clay brick. They concluded that these
parameters could be identified through the material characteristics and the physical state of
water (ice). These studies indicated that water absorption (WA) and pore structure (PS) affect
FR. Essential components of the PS of clay brick, which involve determining the FR, are its
porosity and pore size distribution (PSD) (Stupart, 1989). Generally, the pores are the place
where ice expansion occurs, resulting in pressure development inside porous materials.
Generated pressure typically depends upon the amount of pores and the degree of saturation
of the material during the freezing process. Clay bricks typically are subjected to a wide range
of water saturation levels during their service life. Hence, high levels of saturation sometimes
cause durability problems, especially when it is accompanied with severe freeze/thaw (F/T)

doi:10.23967/dbmc.2020.222
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conditions. Water absorption is defined as the ratio between the mass of absorbed water to the
dry mass of the sample (De Rose et al., 2014). The relationship between capillary pores, i.e.,
pores are larger than 0.01µm according to (Gao et al., 2015) and adsorbed water is a positive
relation, whereas increased capillary pores lead to increased WA, which in turn affects frost
durability (Davison, 1980). Thus, appropriate evaluation of potential FR of bricks requires a
sufficient understanding of the relationship between FR and brick properties (i.e., PS and WA).
Predicting the FR of bricks based on a physical property assessment is known as an indirect
method. In North America, the clay brick is qualified as durable if it meets the criteria based on
a physical property stated in the Canadian standard CAN/CSA A82.1. The CSA A82.1 standard
depends on a direct determination of compressive strength and WA. In other words, three
conditions should be met which are the minimum compressive strength, maximum water
absorption (i.e., 24-h CWA), and maximum saturation coefficient (C/B) (CSA-A82.1, 2006).
The 24-h CWA is defined as an amount of water that absorbed during a 24-hour divided by the
sample's dry mass, while C/B is determined based on the ratio between 24-h CWA and 5-h
boiling water absorption (5-h BWA). Besides, several indices have been used to evaluate
potential FR such as (Maage, 1984), (Nakamura, 1988), and (Koroth et al., 1998). Maage's
index (Maage, 1984) is a preferred indirect method (Davison, 1980) that is used for the
evaluation of FR. The method depends on measuring the PSD of a brick using mercury intrusion
porosimetry (MIP). Ultimately, the durability factor (Df) is calculated using Eq (1) (Maage,
1984).
DF = 3.2/PV + 2.4* P3

(1)

Where: DF is a durability factor; PV is maximum intruded pore volume of brick; P3 is the
percentage of pores with diameters bigger than 3 µm (% of PV).
Although many previous studies have investigated the FR and material properties, there is
no literature reporting the relationship between two essential properties of clay brick (i.e., pore
system and water absorption). The aim of this paper is to investigate the relationship between
pore properties and water absorption to provide the right prediction of the amount of absorbed
water thus improving frost durability prediction. To achieve this goal, five different types of
clay brick were examined using two approaches and their measurement results were analyzed.

2 Material and Methods
The determination of the relationship between PS and WA properties includes several
consecutive procedures. These procedures involve selecting different types of clay bricks,
determining their PSD, and measuring WA. Finally, data analysis is carried out to derive the
relationship between the PS and WA. To obtain a wide range of properties, five sets of brick
specimens from three different types (new exterior brick, reclaimed exterior brick, and
reclaimed interior brick) were obtained from local vendors in Montreal, Quebec and examined.
Table 1 shows the brick types that used in this research.
2.1 Water Absorption (WA)
Each type of brick was tested in accordance with CSA -A82.1 standard to determine WA. First,
the dried weight is determined according to CSA -A82.1 at a temperature of 110 to 115 oC for
at least 24h.

1016

Mohamed A. Aldabibi, Michelle R. Nokken and Hua Ge
Table 1. Different types of bricks used in this study.

Brick Type
Reclaimed exterior brick
New exterior brick
Reclaimed interior brick

2.1.1

Brick name

Samples number

Nomenclature

LAPRAIRIE
OUTREMONT
BRGG52
OLD ENGLAND
MOLLE

35
35
35
35
35

PO
UO
B52
OE
MO

The 24-h cold water absorption (CWA)

The 24-h CWA is determined according to CSA-A 82.1 following the drying and cooling
procedure mentioned above. The dried full specimen was immersed completely in clean water
at room temperature for 24h. The specimen was removed and wiped of excess water and then
mass determined. The 24-h CWA is calculated based on Eq (2).
24-h CWA = (Ws – Wd)/ Wd * 100

(2)

Where: Wd = dry weight of specimens; Ws = saturated weight of the specimen after 24h
submersion in cold water.
2.1.2

The 5-h boiling water absorption (BWA)

The specimen, after being subjected to cold water absorption, was immersed in clean water and
the water was heated to boiling for 5 hours. The specimen was cooled by natural loss of heat
until reaching room temperature. The specimen was removed from the container and wiped,
and then mass determined. The 5-h BWA is calculated based on Eq (3).
5-h BWA = (Wb – Wd)/ Wd * 100

(3)

Where: Wd = dry weight of specimens; Wb = saturated weight of the specimen after 5h
submersion in boiling water.
2.2 Mercury Intrusion Porosimetry (MIP)
MIP has been known as a suitable method to examine the PS of mineral building materials since
1970 (Rubner and Hoffmann, 2006) and used by many researchers to determine open porosity
and the PSD (Maage, 1984). A set of pore parameters can be determined and derived by MIP
such as pore volume, porosity, pore range, and median pore size. The width of the PSD is
expressed using the Scatter coefficient (Cd), which is calculated from Eq (4).
Cd = (r20 – r80)/ r50

(4)

Porosimetric determinations were performed by means of MIP (PoreSizer 9320). PSD was
calculated from the mercury intrusion results by assuming a surface tension of mercury of 0.485
N/m and a contact angle of 124o. The relationship between pressure and size of the pore is given
by the Washburn equation (5).
D = − 4𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾 /𝜌𝜌

(5)

Where: D is pore diameter; p = applied pressure; ɤ= surface tension; and θ = contact angle.
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The results showed a wide range of 24-h CWA within the same brick type. To have a range
of results, three samples were selected for MIP measurement from the 35 samples tested. Each
type of brick was divided into three groups based on the variation in 24h CWA values (low,
medium, and high). Eventually, MIP test was performed on small – cored samples taken out
from the brick samples to characterize the pore system. Thirty small cores, 15 mm in diameter
and 22 to 25 mm length, were derived from all brick types and then examined by the MIP test
with two replicates per brick type and absorption value. The small cores were dried in an oven
at 105 – 110 oC for 24-h and stored in a sealed container until testing.

3 Results and Discussion
3.1 Water Absorption Properties
Thirty-five specimens of each brick type were subjected to the WA test to determine 24-h CWA,
C/B, bulk density (BD), porosity (P), and apparent density (AD). Table 2 shows all brick
properties that were determined based on the WA test. In general, the 24-h CWA values of the
bricks as an average ranged from 4.42% (for new exterior brick OE) to about 16.68% (for
reclaimed interior brick MO). Brick types PO, B52, and OE on average passed the CSA – A82.1
requirement; these are all bricks intended for exterior use. However, brick types MO and UO
failed to meet CSA-A82 requirements of 24-h CWA (8%). This was somewhat surprising as
UO was identified for exterior use, which is probably due to the effects of the service life. Table
2 shows the individual results of 24-h CWA test of all brick types. Table 2 also shows that all
samples of brick MO did not meet the 24-h CWA criteria requirement, while brick types PO,
UO, B52, and OE meet 24-h CWA criteria as percentage 59%, 12%, 86%, 95%, respectively.
The results of 24-h CWA also show that there is a variation among 24-h CWA values of the
sample from the same type of brick. This variation can be seen through the standard deviation
of each brick type, where brick types MO, OE, B52, UO, and PO show standard deviation 1.86,
1.80, 1.65, 1.38, and 0.84, respectively.
Table 2. Brick properties based on water absorption test.
Brick
type

24-h CWA %
Ave

SD

Individual
Pass

Fail

5-h
BWA
%

C/B

BD

AD

P

Ave

kg / m3

kg / m3

m3/ m3

MO

16.68

1.86

0

35

19.62

0.85

1777

2725

0.35

PO

7.88

0.84

20

15

10.14

0.78

2085

2642

0.21

UO

9.57

1.38

5

30

12.28

0.78

1968

2596

0.24

B52

5.42

1.65

30

5

10.38

0.51

1904

2398

0.20

OE

4.42

1.80

33

2

6.25

0.69

2245

2610

0.14

The C/B values of the bricks as an average ranged from 0.51 (for new exterior brick B52) to
about 0.85 (for reclaimed interior brick MO). The results show that on average brick types B52
and OE meet the CSA-A82 requirements for exterior brick. Brick type MO also meets the CSA-
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A82 for interior brick. While brick types PO and UO exhibit the C/B at threshold 0.78 of the
CSA-A82 standard as shown in Table 2. The porosity (P) of brick types is from 14% (for new
exterior brick OE) to 35% (for reclaimed interior brick MO). The bulk density (BD) of brick
types is between 1777 kg/m3 (for reclaimed interior brick MO) to 2245 kg/m3 (for new exterior
brick OE) as shown in Table 2.
3.2 Pore System Properties
From the MIP test, curves of cumulative pore volume and diameter were derived. Based on the
calculation from Maage’s equation (1) and criteria (i.e., durable DF>70; uncertain durability
DF= 55-70; nondurable DF<55), most of brick types have good durability. They show (DF>70)
except samples MO12 – H1 and MO9- H2 that show (DF<55) as shown in Table 3. Brick
sample OE31-H1 has the lowest pore volume (PV) compared to other samples of brick types
while brick sample MO12-H1 has the highest PV. Brick sample B52-27-H2 shows a high
percentage, i.e. 76%, of pore volume with a diameter bigger than 3µm. In contrast, brick sample
MO12-H1 shows a low value, i.e. 3%, of pore volume with a diameter bigger than 3µm.
According to Maage’s principle, sample B52-27-H2 with a DF of 226 has low water
absorption and better frost resistance. In contrast, the sample MO12-H1 with a DF of 20 has
high water absorption and poor frost resistance. The scattering coefficient (Cd) of all brick types
ranges between 0.52 and 36. If Cd is less than 1, it means the PSD is narrow. The samples
MO9-H2 and MO12-H1 have narrow PSD thus most ice will form within a small temperature
interval.
The rest of the samples PO, MO15, B52, UO, and OE have Cd bigger than 1, thus they have
a wide PSD and ice formation will occur in wide temperature interval. It can be drawn from the
data analysis that samples MO15 and MO12-2 of type MO (that exhibits a high WA) have a
predominant pore size ranges between 0.1and 0.3 µm. While sample MO9 has a predominant
pore size range between 0.3 and 1.0 µm. The Sample B52-27 of type B52 (that exhibits a low
WA) has a dominant range of pore size, which is 10-20 µm. Sample OE31 of type OE with the
lowest value of WA has a predominant pore size ranges between 7 and 20 µm.
3.3 Relationship Between 24-h CWA and PSD
As shown in Figure 1, a linear correlation between 24-h CWA and its PV (porosity) exists with
a high correlation coefficient (R2 = 0.93). With the increase of porosity, i.e., pore volume, the
24-h CWA increases. To obtain a better analysis of the effect of PSD on WA, some further
analysis was undertaken. Three features were investigated: PSD of the samples that had the
highest and lowest values of 24-h CWA among all brick types, PSD of three samples from the
same type, and PSD of the sample have the same PV. The samples MO12-H1 and MO9-H2
have the highest 24-h CWA 19.81 and 15.36, respectively. It can be seen from PSD of these
samples, as shown in Figure 2, that their PSD range between 0.03 and 2µm. The samples OE31H1 and B52-27-H2 have the lowest 24-h CWA 1.57 and 3.24, respectively with pores larger
than 2 µm. The samples with higher porosity had smaller pores.
The PSD of three samples of brick type B52 shows that they have a bimodal pore structure
(i.e., two different ranges of median and large pores). Comparing their PSD with the change in
24-h CWA, it can be observed that increasing a percentage of pores with diameters bigger than
5 µm results in decreasing 24-h CWA and vice versa. The samples UO30-H2 and UO13-H1
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have approximately constant PV, 0.0906 ml/g and 0.0909 ml/g, respectively. The samples
PO14-H1 and OE2-H2 also have nearly the same PV, 0.1045 ml/g and 0.1039 ml/g,
respectively. It can be seen from Figure 3 that 24-h CWA of these samples increases with pores
having diameters smaller than 2 µm and vice versa. The empirical analysis of the relationship
between 24-h CWA and PSD showed that 24-h CWA has a good correlation with the range of
pores between 0.03 and 2 µm.
Table 3. Durability factor with 24-h CWA and C/B for all selected samples.

MIP Method

Brick Sample

WA Method

PV (ml/g)

P3 (%)

DF

Cd

24-h CWA %

C/B

PO-08-H1(low)

0.0893

72

209

2.74

6.03

0.74

PO-14-H1 (med)

0.1045

58

170

2.51

8.04

0.76

PO-09-H2 (high)

0.1186

48

141

12.38

9.19

0.77

UO-13-H1(low)

0.0909

73

211

7.24

6.28

0.64

UO-30 H2(med)

0.0906

46

146

8.15

8.94

0.80

UO-07-H1 (high)

0.1566

42

121

7.49

11.64

0.79

MO-15-H2 (low)

0.1485

25

82

36.88

10.62

0.68

MO-09-H2(med)

0.1735

5

32

0.52

15.36

0.87

MO-12-H1 (high)

0.2295

3

20

0.67

19.81

0.87

OE-31-H1 (low)

0.0325

48

215

3.94

1.57

0.48

OE-12-H1(med)

0.0607

39

146

4.32

5.89

0.76

OE-02-H2 (high)

0.1039

16

70

1.92

9.26

0.86

B52-27-H2 (low)

0.0729

76

226

1.57

3.24

0.39

B52-31-H2(med)

0.0681

73

213

1.56

5.87

0.53

B52-14-H2 (high)

0.1123

58

167

2.41

8.65

0.64

According to findings in previous studies, which indicated that larger pores are filled with
water first, then water is delivered to smaller pores (Fagerlund, 1973). Furthermore, small pores
have a greater suction stress due to their diameters, but a lower rate of uptake compared with
large pores. The variation between the different pore sizes will result in sucking water from the
large pores and delivery to small pores. When equilibrium is reached, the movement of water
will be stopped. Hence, it can be observed that water absorption is also influenced by the
relationship between the amount of pores volume in the range of 0.03 µm to 2 µm and the
amount of pores volume bigger than 2 µm. Thus, the parameter (A) can be derived from the
empirical analysis of the relationship between these pores, as shown in Eq (6).
A = (MP – LP)/ LP
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y = 89.897x - 1.3183
R² = 0.9352

24-h CWA %

20
15
10
5
0

0

0,05

0,1
0,15
0,2
Intruded pore volume (ml/g)

0,25

Figure 1. The correlation between 24-h CWA and intruded pore volume.
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200-100
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Pore size distribution
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3-2 µm
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0.5 -0.3 µm
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0.1-0.05
µm

0.05-0.03
µm

0.03-0.01
µm

0
0.01-0.005
µm

Percentage of pore range %

50

Figure 2. Pore size distribution of brick sample having maximum and minimum WA.

The ration between subtracting the percentage of pores bigger than 2µm (LP) of the
percentage of pores in the range of 0.03 µm to 2 µm (MP) divided by (LP) shows a good
correlation with WA. Eventually, the correlation between 24-h CWA, PV, the percentage of
pores (0.03-2 µm), percentage of pores bigger than 2 µm, and the parameter (A) were input into
regression analysis and the Eq (6) for determining 24-h CWA based on pore size was derived.
(7)

40
35
30
25
20
15
10
5
0

B52 14 H2 , WA = 8.85
B52 31 H2 , WA = 5.85
B52 27 H2 , WA = 3.24
PO14-H1, WA=8.04

> 200 µm

200-100
µm

100-50 µm

50-30 µm

30-20 µm

Ranges of pores size distribution

20-10 µm

10-7 µm

7-5 µm

5-3 µm

3-2 µm

2-1 µm

1-0.5 µm

0.5 -0.3 µm

0.3-0.2 µm

0.2-0.1 µm

OE2-H2, WA=9.26

0.01-0.005
µm
0.03-0.01
µm
0.05-0.03
µm
0.1-0.05
µm

Percentage of pore range %

CWA24-h = 59.68 PV + 0.023MP - 1441.78/LP +14.58A +29.65 (R2=0.97)

UO 30 -H2, WA = 8.94
UO 13 - H1, WA = 6.28

Figure 3. Pore size distribution of brick samples type B52 and other samples of different types having the same
PV but with different levels of WA

4 Conclusions
The study investigates the relationship between WA and PS, as well as their effect on the
prediction of FR. Main findings from this study are summarized as follows:
- All brick types show a variation in water absorption properties, which are essential
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elements for the evaluation of frost durability using CSA and ASTM standards. The
variation may attribute to manufacturing process control and conditions exposed
through their service life for reclaimed bricks. Therefore, relying on 24-h CWA and C/B
for predicting frost resistance could result in a misleading assessment.
- The WA of clay brick is considerably increased with the increase of pore volume having
pore size ranging between 0.03- 2µm. Thus, decreasing the percentage of these pores
will enhance the frost resistance of clay brick.
- Despite PSD is an important factor when evaluating the FR, it is not involved in the WA
method. Hence, combining PSD with WA can give a good estimation of FR.
Maage’s index deals with pores bigger than 3 µm as if they have uniform size and the same
effect. But in fact, this contradicts several facts, namely, that pores have a different impact in
terms of the size of their diameters when absorbing water. Consequently, further investigation
of this issue will be required. Furthermore, a study about the relationship between the critical
degree of saturation and PSD will be worthwhile to add a good contribution to the evaluation
of frost resistance of clay brick.
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Abstract. Multi-scale analysis of photodegradation are conducted for pigmented coating containing
acrylic urethane + TiO2 pigment and for non-pigmented coating containing only acrylic urethane. We
discuss the intrinsic differences in the photodegradation mechanism between the pigmented and nonpigmented coatings and the effect of the interface between the pigment and the binder. Photo-aging tests
are conducted using artificial ultraviolet (UV) irradiation under conditions of 60 °C and dry atmosphere.
The results of Fourier transform infrared spectroscopy (FTIR), solvent swelling experiments, ultrasonic
measurements of elastic moduli, and colourimetry used for material characterisation before and after
photo-aging. Although the behaviour of E and the carbonyl index (CI) show common trends for both
samples, the overall trends of yellowness index (YI) and swelling degree (Q) differ significantly between
the pigmented and non-pigmented samples. The results reveal that changes in macroscopic properties
may not necessarily correspond with the CI behaviour and that characteristic interfacial effects exist
between the pigment and the binder. The onsets of coating erosion and chalking are observed in the
pigmented coating as surface topological changes. The different behaviour of YI and Q between the
sample types can be attributed to the interfacial effect at pigment/binder interface based on the photocatalytic effect from TiO2 pigment.
Keywords: Photodegradation, Coatings, Internal Morphology, Photo-Aging, Multi-Scale Analysis.

1 Introduction
The durability of protective surface coatings is a critical factor for long-term quality with
respect to buildings and infrastructures because these coatings act as gas barrier material and
enhance the aesthetic qualities. Thus, improvement is needed in the long-term performance of
these coatings, and an appropriate evaluation procedure should be established.
For assessing the degree of degradation in polymer-based materials, the carbonyl index (CI)
is commonly applied because it reflects the macroscopic degradation occurring in barrier
properties, elasticity, and surface colour and gloss in these materials. Although it is well
accepted as a relevant criterion, CI may be not appropriate for evaluating the degradation level
in all physical properties (Rouillon et al., 2016). CI could be applied to analyse the chemical
oxidation level microscopically; however, it is not appropriate for evaluating some macroscopic
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properties related to the material’s internal morphology such as macromolecular architecture,
pore structure, and configuration of fillers. Hence, recent multi-scale degradation research has
been conducted to analyse microscale phenomena and macroscale properties with a focus on
mesoscale alteration of materials (Courvoisier et al., 2018; Richaud et al., 2010).
Two types of coatings are used for buildings and construction: pigmented and nonpigmented in coloured and clear coatings, respectively. Unfortunately, it can be difficult to
evaluate the degradation level by applying only a single index to the durability of both coating
types because they exhibit intrinsic differences in the photodegradation mechanisms such as
the interfacial effect between the pigment and the binder, as evidenced by the differences in
internal structures.
In this work, multi-scale analysis of photodegradation is conducted for both pigmented and
non-pigmented coatings, as shown in Figure 1. We analyse the intrinsic differences noted in
photodegradation between the two coatings and the effect of the interface between the pigment
and the binder. Titanium dioxide (TiO2) is most commonly used as white pigment for coatings
of buildings owing to its good brightness and photo-catalytic effect. However, the photocatalytic effect might be responsible for these differences because it produces hydroxyl radicals
(·OH) under ultraviolet (UV) irradiation as part of the decomposition of surface contaminants
(Pang et al. 2014).

Pigmented coatings

Binder (non-pigmented)

=
White (Sample 1)

Pigment (TiO2)

+
Transparent (Sample 2)

Photo-catalytic effect

Figure 1. Composition of sample coatings.

2 Materials and Experimental Methods
2.1 Coating Sample Preparation
The coating was applied on Si substrates using the spin-coating technique at a speed of 2000
rpm for both the pigmented and non-pigmented coatings. The pigmented coating, which was
purchased from Japanese industry, is a two-part-type urethane-based white paint (Sample 1).
The main chemical component of the pigmented paint was analysed by pyrolysis gas
chromatography mass spectroscopy, which detected acrylic polyol and hexamethylene
diisocyanate (HDI) trimer. The elemental analysis revealed that the pigment particles are
composed of TiO2. The non-pigmented paint (Sample 2) was provided by Japanese industry.
This paint had the similar chemical structure as that detected in the binder component of Sample
1—acrylic urethane—with no additives.
The curing process was the same as that discussed in our previous study (Ishida et al., 2019).
The thickness of the coating film sample was approximately 30 um and 10 um for the pigmented
and non-pigmented samples, respectively. The reason for using such thin film samples was to
obtain homogeneously degraded samples with no obvious heterogeneous oxidation.
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2.2 Artificial Photo-Aging
Ultraviolet irradiation was performed by simulating the aging conditions by UV irradiation in
our lab (Ishida et al., 2019). This apparatus effectively controls the sample surface temperature
under UV irradiation by blown air to eliminate radiation heat emitted by a metal halide lamp.
The lamp was set with wavelengths below 295 nm and was filtered by using borosilicate glass;
the light intensity was set at 180 W/m2 (calculated 𝜆𝜆 = 300–400 nm). Photo-aging tests were
conducted under a surface temperature of 60 °C and low relative humidity (RH) at <10%.
2.3 Characterisation Methods

We performed multi-scale analysis of photodegradation according to the combined results of
Fourier transform infrared spectroscopy (FTIR), solvent swelling experiments, ultrasonic
measurements of elastic moduli, and colourimetry. The FTIR and solvent swelling experiments
were conducted to detect changes in the chemical structure and in the pore structure,
respectively, by using the same method as that reported in an earlier study (Ishida et al., 2019).
Ultrasonic measurements were conducted by using an ultrasonic device (38DL, Olympus, Japan,
and the elastic moduli (𝐸𝐸) were calculated on the basis of the ultrasonic speed in the materials
(Göbel et al. 2018) as
𝐸𝐸 = 2𝜌𝜌𝑣𝑣'( +

𝑣𝑣*( − 2𝑣𝑣'( (
𝜌𝜌𝑣𝑣'
𝑣𝑣*( − 𝑣𝑣'(

(1)

where 𝜌𝜌 is the sample density, 𝑣𝑣* is the longitudinal wave speed in the samples, and 𝑣𝑣 ' is
the transverse wave speed in the samples. Colour measurements were performed by using a
spectrophotometer (CM-600d, Konica-Minolta, Japan) with the illuminant set to D65 and the
observer set to 10°; the scale selected was L*a*b*. Colour data were illustrated as changes in
the yellowness index (YI) according to the ASTM D1925 standard. For evaluating the changes
in surface topology, tapping atomic force microscopy (AFM) and scanning electron microscopy
(SEM) were applied to the pigmented coatings.

3 Results and Discussions
Firstly, we evaluated the CI change behaviour in the aging process, which is a widely accepted
degradation indicator. The CI is calculated as the ratio of the peak areas (C=O vibration and C–
H vibration) and is expressed as
𝐶𝐶𝐶𝐶 =

𝐴𝐴0 1 2 Peak area (1600 𝑐𝑐𝑚𝑚3@ – 1850 𝑐𝑐𝑚𝑚3@ )
=
𝐴𝐴034 Peak area (2800 𝑐𝑐𝑚𝑚3@ – 3000 𝑐𝑐𝑚𝑚3@ )

(2)

Figure 2 illustrates the CI behaviour for both pigmented and non-pigmented coating samples.
Similar behaviours were shown, which indicates little difference in the chemical degradation
(oxidation) rates between the two types. This result was expected because the chemical
structures of their organic components are essentially the same. We then compared the CI and
the macroscopic properties, E and YI. Figure 3 (a) illustrates the changes in E and YI values as
a function of photo-aging time. For the pigmented sample, the E values roughly
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Similar trend for CI changes
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Figure 2. Carbonyl index (CI) as a function of exposure time for pigmented and non-pigmented coatings.

6.5

(b)
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Figure 3. (a) Elastic modulus (E) and yellowness index (YI) as functions of exposure time for pigmented (solid
lines) and non-pigmented coatings (dashed lines). (b) Swelling degree (Q) as a function of exposure time for
pigmented and non-pigmented coatings.

increased and the YI values decreased with an increase in aging time. For the non-pigmented
samples, the E value trend was similar to that in the pigmented samples; however, the YI values
were decreased. Although the changes in E value behaviour corresponded with the CI behaviour
for both coating types, those in the YI behaviour did not conform with the CI in the pigmented
sample. In addition, a decrease in the b* value was observed in degraded pigmented samples,
which implies a blue shift (Rosu et al., 2009). Although carbonyl species are well known as
typical coloured chemical products, carbonyl growth may not necessarily contribute to
yellowing in all pigmented coatings. Figure 4 illustrates the relationship of colour with the
absorption wavelength and number of conjugated double bonds for coloured chemical products
(Bacaloglu and Stewen, 2001). The results imply differences in the chain length of degraded
(oxidised) chemical products between pigmented and non-pigmented coatings, i.e. yellow
chemical products from non-pigmented samples had longer conjugated
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Figure 4. Continuous colour chart and its relationship with wavelength and number of conjugated double bonds.

double bonds than those from pigmented coatings. The photo-catalytic reaction of TiO2 on
pigmented coatings may have increased the efficiency of chain scission compared with that in
the non-pigmented coatings. In addition, this effect appears to have influenced even the internal
morphological changes in photo-aging. The behaviour of swelling degree showed differences
between both coating types, as shown in Figure 3 (b). The swelling degree is derived as the
sample volume change ratio before and after immersion in a solvent, which in this case was
toluene (Ishida et al., 2019), and may be related to the internal total pore volume. The pigmented
samples might have become porous because the total pore volume increased for the pigmented
coating; however, the pore volume for the non-pigmented coating decreased. This occurred
because the organic component (binder) hardened and shrank as a result of extensive crosslinking formation in the photo-aging process, which corresponds with our previous results using
positron annihilation spectroscopy and FTIR (Ishida et al., 2019). In the pigmented coating,
pore generation at the interfacial region between the pigment and the binder might be implied
by considering the swelling behaviour combined with the changes in E value behaviour. As
shown in Figure 5, surface topology alteration for the pigmented samples further substantiates
this inference. We observed pigment particles exposed at the surface and an apparent increase
in surface roughness, which correspond to the ‘chalking’ and ‘coating erosion’ described by
Skaja et al. (2006) and Pang et al. (2014). Figure 6 summarises these intrinsic differences in
the photodegradation mechanisms between the pigmented- and non-pigmented coatings,
particularly the internal morphological changes. These apparent differences might be attributed
to the two following mechanisms.
- Binder selective decomposition around pigments induced by photo-catalytic reaction,
i.e. attacking of ·OH radicals generated from TiO2 pigment (Pang et al., 2014).
- Binder shrinkage accompanied by the release of volatile degradation products (Skaja et
al., 2006); approximately 10% shrinkage and 15 wt% mass loss were observed in the
non-pigmented coating in this study after 300 h of photo-aging.
Neither chalking nor coating erosion occurred on the non-pigmented coatings because these
are characteristics of pigmented coatings. Obviously, the interfacial effects occurring at
pigment/binder under UV irradiation requires further investigation for better understanding of
the photodegradation mechanisms.
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Figure 5. Surface topological changes in pigmented coating before and after photo-aging. (a) SEM images
(x10000); (b) tapping AFM images.

Figure 6. Schematic diagram of the intrinsic differences in the photodegradation mechanisms between
pigmented- and non-pigmented coatings in terms of internal morphological changes.
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4

Conclusions

Multi-scale analysis of photodegradation was conducted for both pigmented and nonpigmented coatings containing acrylic urethane + TiO2 pigment and only acrylic-urethane,
respectively. We discussed the differences in photodegradation between pigmented and nonpigmented coatings and the effect of the interface between the pigment and the binder.
The CI was increased for both coating types in photo-aging, which implies the progression
of chemical degradation (oxidation). However, the changes in macroscopic properties did not
necessarily correspond with the CI behaviour. Although the E value increased in accordance
with the change in the CI, the YI increased for non-pigmented samples and decreased for
pigmented samples, showing showed blue shift. It should be noted that although carbonyl
species were produced, they were created by differences in the conjugated double bond length.
This implies that the photo-catalytic effect of TiO2 pigment might have an influence on the
photo-oxidative degradation.
Internal morphological alterations were also studied by analysing the swelling behaviour of
samples immersed in toluene. The pore volume of the organic component (binder) was
decreased, which might be associated with hardening and shrinkage as the result of extensive
cross-linking formation in the aging behaviour of the non-pigmented sample. On the contrary,
pore generation at the interfacial region at pigment/binder interface was implied in the
pigmented coating. In addition, we observed pigment particles exposed at the surface and an
apparent increase in surface roughness. These two features, which are referred to as chalking
and coating erosion, respectively, are characteristics of pigmented coating. The interfacial
effects at the pigment/binder under UV irradiation involves complicated physicochemical
processes. Therefore, further investigation and diversified experimental observation are needed
for better understanding of the photodegradation mechanisms.
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Abstract. Ion diffusion through cement-based barrier is key to safe radionuclide transfer in
intermediate radioactive waste disposal facilities. The purpose of this research is to elicit the behavior
of ionic diffusivity and pore structure of hardened cement paste specimens for the barrier system when
exposed to high temperatures (up to 80°C) for long periods (up to one year). The cement paste is made
of an ordinary Portland cement base- and a low-heat Portland cement / fly ash / limestone filler (LF)
system. The results of the adsorption isotherms of N2 and water vapor of the specimens exposed to limesaturated water of different temperatures, 20, 40, 50, 60, and 80°C, are presented, and their pore size
distributions are analyzed by the Barrett-Joyner-Halenda method. The change of specific surface areas
is measured and the influence of high temperature on the pore structure is discussed. Additionally,
results of chloride ionic diffusivity test for the specimens after the high-temperature exposure are
contrasted with the tendency of pore structure change. It is found that the LF system has much higher
resistance to high-temperature exposure than ordinary Portland cement; however, temperatures greater
than or equal to 60°C deteriorate the ionic diffusivity. These experimental results may indicate the ionic
diffusivity of hardened cement paste can be influenced by the spatial electrical charge in micropores
depending on the electrical charge of pore wall and the ion composition of pore solution.
Keywords: Radioactive Waste Disposal, Cement-Based Barrier, High Temperature, Ionic Diffusivity,
Hardened Cement, Microstructure.

1 Introduction
The microstructure of hardened cement with micro- and nano-sized hierarchical pore structure
is not fully understood. The amorphous structure of calcium silicate hydrate (C-S-H), which is
the main product of the hydration of cement, is considered one of the reasons for that.
The structure of C-S-H can change due to the hydration and polymerization reactions under
the influence of temperature (Scrivener, et al., 2019). Consequently, changes in the
microstructure influences the ionic diffusivity in the hardened cement. Evaluation of ionic
diffusivity is also a key issue for the design and assessment of a radioactive waste disposal
system with a cement-based barrier. Especially, for disposal of heat exothermic radioactive
waste, the influence of high temperature on the performance of a cement-based barrier should
be thoroughly examined to build a disposal system with high reliability and safety. The
temperature of the action depends on the actual concentration of exothermic radionuclides such
as cobalt-60 in nuclear waste, assumed to be around 60°C below the design temperature, to
prevent excessive influence of temperature on the disposal system. The duration of the exposure
to the high temperature can extend over several decades or hundred years. However, until now,
few studies have reported on the influence of long-term high temperature on the ionic diffusivity
of hardened cement.

doi:10.23967/dbmc.2020.088
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Therefore, it is necessary to gain deeper understanding on the behavior of the hardened
cement under the high temperature.
The purpose of this study is to investigate the ionic diffusivity of hardened cement exposed
to high temperatures over a long period. From the results of the investigation, we discuss the
effectiveness of a prime candidate material for the disposal system. The rest of the manuscript
is structured as follows: Section 2 discusses the composition of the hardened cementitious
specimens and the experimental methodology (adsorption tests and ion-diffusion test). Section
3 produces experimental results and discusses about the pore structure of the specimens exposed
to various temperature levels for one year. It also compares the effect of temperature on Cl- ion
diffusivity with that of the pore structure of hardened cement paste.

2 Materials and Methods
2.1 Materials
The cement-based barrier for the nuclear waste disposal system should be durable and denser,
experience little shrinkage, and have low hydration heat among others, for enhancing the barrier
performance. In this context, two specimens of cement paste were prepared with a water-binder
mass ratio (W/B) of 0.45, as shown in Table 1. The first specimen was made of ordinary
Portland cement. The second specimen was made of low-heat Portland cement, which is a mix
of siliceous fly ash and lime stone filler (fly ash binder mass ratio (FA/B) = 0.30: lime stone
filler powder mass ratio (LS/P) = 0.38). LF30 is a prime candidate mix for the nuclear waste
disposal system.
The specimens were cast in molds of 2 × 2 × 8 cm3 volume. They were then demolded and
subsequently stored in a saturated atmosphere at 20°C for one year, for an adequately mature
hydration reaction. This is because the high temperature condition in a nuclear disposal facility
occurs after the backfill closure of the disposal tunnel. After curing, the specimens were
immersed in lime-saturated water at 20, 40, 50, 60, and 80°C for one year.
Table 1. Mix proportions of cement paste.

Mix code
OPC
LF30

W/B
0.45

W/P
0.45
0.28

FA/B
0.30

LS/P
0.38

2.2 Methods
2.2.1. Nitrogen gas and water vapor adsorption tests
For the adsorption test, the specimens were ground into particles of size 106-500 µm and
degassed at 105°C in vacuum for 24 h. Adsorption tests with N2 gas and water vapor were
carried out using Quantachrome instruments autosorb iQ and VSTAR, respectively. The
measurement temperatures were 77 K for N2 adsorption and 293 K for H2O vapor adsorption.
The pore size distribution (2 nm to 500 µm) was determined by the Barrett-Joyner-Halenda
(BJH) method using the N2 desorption isotherm data. In addition, from adsorption isotherms of
N2 and H2O, based on the Brunauer-Emmett-Teller theory, under a relative pressure (P/P0) of
0.05-0.30, the specific surface areas of the specimens were calculated.
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2.2.2. Measurement of effective diffusion coefficient of Cl- ions
The effective diffusion coefficient of Cl- ions of the specimens after exposure was measured by
the steady-state penetration-type diffusion test, with a concentration difference of 1,700 ppm of
Cl in lime-saturated NaCl solution at 20°C. Samples for the diffusion test were cut to 2 × 2 ×
0.5 cm3 and saturated in lime water under vacuum for one day. The effective diffusion
coefficient was determined when the diffusion was in steady sate. The test time to reach
equilibrium was less than six months for OPC and more than one year for LF30.

3 Results and Discussion
3.1 Adsorption Isotherms and Microstructure of Cement Paste
3.1.1. Nitrogen adsorption isotherms
The measured N2 adsorption isotherms of the OPC and LF30 specimens are shown in Figures
1 and 2, respectively. According to the classification of adsorption isotherms by IUPAC, these
isotherms correspond to type IV(a), the type of hysteresis loop in their isotherms have
characteristics of both H2(a) and H2(b) as pore blocking/percolation effects and evaporation
via cavitation in a relative pressure range of 0.42 to 0.50 are indicated (Cychosz, et al., 2017).
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Figure 1. N2 gas adsorption isotherms of OPC specimens exposed to various temperature conditions.
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On the one hand, as shown in Figure 1, it is evident that the level of exposure temperature
has a significant impact on the N2 adsorption isotherms of OPC where higher temperature
makes the hysteresis weak and remarkably reduces the desorption volume via cavitation. These
changes are presumably due to the coarsening of the pore structure with expanded neck pores
as well as a simplified pore network with ink-bottle-shaped pores (Gallucci, et al., 2013). On
the other hand, the isotherms of LF30 in Figure 2 are not influenced by the temperature so much
as OPC, indicating the superiority of mix proportion of LF30 on resistance to high temperatures.
Since solid-state 29Si NMR detected the reaction progress of unreacted fly ash in LF30 during
the high temperature exposure, the change for the worse in pore structure of LF30 could be
reduced by the healing effect of fly ash.
Figure 3 illustrates pore size distributions determined for the different specimens and
temperatures by the BJH method. A clear difference in the pore size distributions of OPC due
to the exposure to high temperature can be seen Figure 3 (a), where higher temperature leads to
an increase of gel pores around 10 to 50 nm. It should be noted that the sharp peaks at
approximately 4 nm do not correspond to the actual pore in the specimens, which is an apparent
peak calculated from the drastic evaporation via cavitation. The total pore volumes as well as
the change in pore size distribution in LF30 are smaller than those in OPC.
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Figure 2. N2 gas adsorption isotherms of LF30 specimens exposed to various temperature conditions.
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Figure 3. Pore size distributions calculated from N2 gas desorption isotherms.

3.1.2. Water vapor adsorption isotherms
Adsorption isotherms of water vapor in Figure 4 show a similar trend with those of the N2 gas.
In the case of OPC, volume of drastic desorption shown at P/P0 = approximately 0.35 is found
to be smaller at the higher temperature, which can be due to the cavitation of water (Maruyama,
et al., 2018). The difference in the isotherms of LF30 is found to be smaller than those of OPC.
This trend is similar to that of the N2 gas adsorption isotherms. The adsorption volume remained
uniform at P/P0 = 0.05 in the desorption branch of OPC is decreased with higher temperature
level. This result indicates that the water retention capacity of the OPC specimens can be
degraded by high temperature. By contrast, in the case of LF30, this trend is not clear except at
80°C.
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Figure 4. Water vapor adsorption isotherms of specimens exposed to various temperature conditions.

3.1.3. Specific surface area
BET surface areas of N2 and H2O for all specimens can be compared in Figure 5. Water
molecules smaller than N2 molecules can access narrower pores than the accessible size
(approximately 0.45 nm diameter calculated from the cross-section area of N2 molecule).
Therefore, from Figure 5, BET surface areas of H2O for any specimens is larger than that of N2.
The decrease in the BET areas of N2 and H2O for OPC when exposed to high temperature was
caused by polymerization of the silicate chains in C-S-H (Gallucci, et al., 2013), which was
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detected by the NMR measurement. In contrast, in the case of LF30, there were no significant
changes in the BET surface areas. However, as with OPC, the NMR detected the polymerization
of C-A-S-H under higer temperature.
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Figure 5. BET surface areas obtained from N2 gas and water vapor adsorption isotherms.

3.2 Chloride Ionic Diffusivity
The effective diffusion coefficient of Cl- ions, Dcl in the specimens are shown in Figure 6. The
results revealed that Dcl of LF30 is nearly four orders of magnitude lower than that of OPC,
when exposed to temperatures below 50°C. On the other hand, the influence of temperature
varied with the specimen; higher the temperature, larger the Dcl of OPC. On the other hand, Dcl
of LF30 slightly increased at 60°C and significantly at 80°C. This increase of does not agree
with the trend of change in pore structure shown in subsection 3.1. Hence, a clear understanding
about the mechanism of this phenomenon is needed. It is recognized that the incorporation of
aluminum in fly ash modifies the structure of C-S-H (C-A-S-H) and also the surface charge
(L’Hopital, et al., 2015). Moreover, the surface charge and ionic composition in pore solution
have a strong influence on the ionic diffusion through hardened cement, especially when the
microstructure is very dense (Yang, et al., 2019). Furthermore, the decomosition of AFt and
AFm phases and its influence on the ionic compositon in pore solution and ionic diffusivity
should be discussed for this mix proportion and materials.
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Figure 6. Effective diffusion coefficients of Cl- ions.

4 Conclusions
- In the case of OPC, the pore size distribution determined from N2 gas desorption isotherms
using the BJH method shows obvious temperature-dependent coarsening of the microstructure
of hardened cement. In the case of LF30, temperature had a negligible influence on the
microstructure, except at 80°C.
- BET surface area of OPC calculated from N2 gas and water vapor adsorption isotherms
decreased with temperature. In contrast, the BET surface area of LF30 had low sensitivity to
temperature.
- The Cl- ionic diffusion coefficient of OPC increased with temperature. The coefficient of LF30
is nearly four orders of magnitude lower than that of OPC below 50°C. However, the value
slightly increased at 60°C and significantly at 80°C.
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Abstract. The durability of Portland-limestone cement with high limestone content was monitored at
conditions promoting thaumasite formation. Pore structure and deterioration characteristics were
assessed with X-ray micro-computed tomography and correlated with material’s strength. Changes in
crystalline and amorphous phases of the cement paste were investigated with X-ray powder diffraction
and solid state nuclear magnetic resonance spectroscopy. Rapid deterioration was observed, evolving
as a front causing concentric crack patterns followed by detachment of the part of specimen in contact
with the corrosive solution. This ultimately led to loss of structural integrity after 4 months of exposure.
During sulfate attack, thaumasite, ettringite and gypsum formed at the expense of portlandite, calcite
and monocarboaluminate hydrate. Furthermore, polymerization of silicate chains in C-S-H and
deterioration of C-S-H also occurred.
Keywords: Limestone Cement, Thaumasite Sulfate Attack, Microstructure, Solid State NMR
Spectroscopy, X-Ray Micro-Computed Tomography.

1 Introduction
Portland-limestone cements (EN 197-1:2011), developed as alternative to ordinary Portland
cement, are characterized by competitive properties and lower environmental impact (Tsivilis
et al., 2000; Worrell et al., 2013). These features are in line with the global trend towards the
reduction of CO2 emissions and energy needs of the cement production process, and with the
rationalization of raw materials usage as well. However, the high limestone content increases
the risk for a specific type of sulfate attack, occurring at low temperature and excess humidity.
Under such conditions, sulfate and carbonate ions react with calcium silicate hydrates
(C─S─H), leading to the formation of thaumasite (CaSiO3·CaCO3·CaSO4·15H2O) and,
subsequently, to the deterioration of the hardened material (Irassar, 2009).
Long-term mechanical performance of limestone cement concrete exposed to conditions
promoting this type of chemical attack is, thus, a crucial issue in real structures. A model able
to predict the mechanical properties of cementitious materials in sulfate-bearing environments
would allow for optimizing concrete composition both in terms of durability and environmental
impact. Aiming at the development of a predictive mathematical model, this study is focused
on obtaining necessary data concerning the microstructure and strength of the material.
Insights into the pore structure of Portland-limestone cement paste specimens were obtained
with X-ray micro-computed tomography (XmCT), following an approach similar to previous
studies (Yang et al., 2018; Ma et al., 2018). Paste compressive strength was correlated with the
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damage observed in the specimens. Changes in phase composition were monitored with X-ray
powder diffraction (XRPD) with the Rietveld method and solid state nuclear magnetic
resonance spectroscopy (ssNMR); the usage of these techniques allowed for assessing both
crystalline and amorphous fraction of the hardened cement paste (Álvarez-Pinazo et al., 2012;
Richardson et al., 2010).

2 Experimental
2.1 Materials
Portland-limestone cement paste was produced (water-to-cement ratio of 0.45) employing a
commercial CEM II/B-LL cement (Cement Hranice, a.s.), and casted in the form of cylinders
(d=20 mm; h=50 mm). The paste remained in the molds for 24h. After demolding, the
specimens were water-cured for 27 days, and then exposed to magnesium sulfate solution (S)
of 20 g/L SO42─ content until loss of structural integrity, and in water (W) as reference, both at
5 °C.
2.2 Tests
Tests were performed after initial curing (at 28 days) and then regularly on specimens stored in
magnesium sulfate solution and water.
Cylinders were scanned with the custom developed patented Twinned Orthogonal
Adjustable Tomograph (TORATOM), made up of two imaging axes, each bearing an X-ray
tube and a detector, with a shared rotational stage. In this study, the configuration involved a
reflection-type cone-beam XWT-240-SE tube (X-ray WorX, Germany) (190 kV and 132 μA;
power output of 25.1 W at the target), and a Dexela 1512 NDT detector (Perkin Elmer, USA)
(active area of 1944 × 1536 pixels; 74.8 μm pixel size). Scans were performed on one specimen
for each exposure environment and storage period. Aiming at sufficient magnification for
providing pixel size between 12 and 17 μm, the source-to-sample distance and sample-todetector distance were properly adjusted. A total number of 3200 projections were collected for
each tomographic scan, which were flat-field corrected. VG Studio Max software was
employed to obtain 3D models, using filtered back projection algorithm. Visualization of the
data acquired was accomplished with ImageJ software. Quantitative image analysis of the
cement matrix was carried out on volumes of interest, cut from the original volume and
excluding large defects (pores, cracks), using Pore3D software which allowed for deriving
porosity, specific surface area of pores (Sv), and integral of mean curvature of pores (Mv).
Compressive strength tests were performed on five specimens for each exposure
environment and storage period. The results are the average values from five measurements.
Fractions from cylinders stored in water, and material obtained from the deteriorated surface
of the specimens exposed to magnesium sulfate solution, were powdered (particle size below
63 μm) and employed for XRPD and ssNMR spectroscopy measurements. One specimen stored
in water and eight specimens stored in sulfate solution, were used for each storage period.
XRPD data were collected with a Bruker D8 Advance diffractometer [CuKα radiation (λ =
1.5418 Å)] in the angular range 5–80° 2θ, at 40 kV and 40 mA. Rietveld refinements of the
XRPD patterns were performed with the TOPAS 4.2 software (Bruker AXS), allowing for
quantitative phase analysis (QPA). The internal standard method was applied for determining
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the amorphous fraction.
One-pulse 29Si MAS NMR spectra were collected at 25 °C with a Bruker Avance-Neo 500
spectrometer (magnetic field of 11.75 T), using a 4-mm CP/MAS probe at the Larmor frequency
of 99.4 MHz. Samples were loaded into a zirconium oxide rotor (4 mm in diameter) spinning
at 12.5 kHz. As external reference, 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) (0.0 ppm)
was used. 10000 scans were recorded during each measurement with 4.0 μs pulse length, and
20 s relaxation delay. Components of 29Si MAS NMR spectra were deconvoluted with PeakFit
4.12 software (Systat Software).

3 Results and Discussion
Sulfate attack resulted in rapid disintegration of the specimens; structural integrity was lost
already after 3.5─4 months, not allowing for performing further compressive strength tests.
XRPD and ssNMR measurements on samples obtained from the deteriorated part of the
specimens continued up to 5 months.
In Figure 1, cross sectional XmCT slices of specimens exposed for 3 (left) and 4 (right)
months to magnesium sulfate solution, are illustrated. The deterioration proceeded through the
formation of concentric cracks, as indicated by the white arrows, resulting in expansion of the
specimen and, eventually, detachment of the damaged part. As the process evolved, concentric
cracks formed closer to the center of the cylinder, pointing to a layer-type deterioration.

Figure 1. Cross sectional XmCT images of specimens exposed to magnesium sulfate solution for 3 months (left)
and 4 months (right); white arrows indicate cracks formed due to sulfate attack.

Quantitative image analysis of the reconstructed volumes allowed for obtaining detailed
information about the microstructure of the specimens. The values determined for porosity, Sv
and Mv are summarized in Table 1. They indicate that the microstructure of the sound part of
specimens exposed to S solution resembles to that of the specimens stored in W, supporting the
assumption that sulfate attack proceeded as a deterioration front moving from the surface to the
center of the specimen. Although attention was paid for excluding large defects during analysis,
slightly higher average values were calculated for the specimens stored in S solution.
Considering that entrapped air should be on average the same in all samples, random
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irregularities in the matrix of the deteriorated specimens were most likely included in the
reconstructed volumes processed, affecting the results.
Table 1. Numerical results derived from quantitative analysis of XmCT images relative to the sound part of the
specimens (Sv: specific surface area of pores; Mv: integral of mean curvative of pores).

Exposure period
(months)
REF
1
2
3
4
Average

Specimens exposed to W
Porosity
Sv
Mv
(%)
(mm─1)
(mm─2)
0.26
0.34
36.28
0.34
0.85
529.71
0.39
0.86
536.45
0.65
0.95
66.25
1.02
1.55
193.24
0.53
0.91
272.39

Specimens exposed to S
Porosity
Sv
Mv
(%)
(mm─1)
(mm─2)
─
─
─
0.78
1.50
215.11
0.70
1.48
457.38
0.64
2.82
606.24
0.49
1.20
214.76
0.65
1.75
373.37

In Figure 2, the compressive strength of the specimens exposed to sulfate solution relative
to that measured for the specimens stored in water, is presented. Although the damage is not
extensive at 3 months (Figure 1), the specimens had lost already 55% of their strength by this
time, pointing to a rapid decline of compressive strength due to deterioration.

Figure 2. Relative compressive strength of specimens exposed to sulfate solution and water.

QPA results are summarized in Table 2. Decreasing amounts of belite were detected in the
specimens stored in water, contrary to the other clinker phases which are absent already at 3
months. Large quantities of portlandite and traces of hydrogarnet were detected in these
specimens. Gypsum was consumed towards ettringite formation. Reduction in calcite content
and formation of carboaluminate hydrates indicated the participation of calcite in the hydration
process of cement. During sulfate attack, ettringite content increased, whilst gypsum and
thaumasite formed. The formation of these minerals is directly linked to the consumption of
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portlandite and carboaluminates, and to the decrease in calcite content. Sulfate attack led to
significant reduction of the amorphous fraction, pointing to severe degradation of calcium
silicate hydrate phase, which is the main amorphous component of the hardened cement paste.
The presence of brucite was inherited from the magnesium content of the corrosive solution.
Table 2. Quantitative phase analysis (wt.%) of the cement used, of the samples obtained from specimens
exposed to W, and from the deterioated part of spesimens exposed to S.

Phase

Cement

Alite
Belite
C3A
Brownmillerite
Hydrogarnet
Monocarboaluminate
Hemicarboaluminate
Portlandite
Gypsum
Ettringite
Thaumasite
Calcite
Brucite
Amorphous

32.5
6.0
2.5
3.9
─
─
─
─
3.2
─
─
22.7
─
29.0

Exposure period to W (months)
3
4
5
─
─
─
1.0
1.4
0.7
─
─
─
─
─
─
<1.0
<1.0
<1.0
3.6
3.4
3.4
<0.5
<0.5
<0.5
12.6
11.6
10.4
─
─
─
6.1
5.5
5.8
─
─
─
13.4
16.0
16.8
─
─
─
62.0
61.0
62.0

Exposure period to S (months)
3
4
5
─
─
─
─
─
─
─
─
─
─
─
─
─
─
─
─
─
─
─
─
─
<0.5
<0.5
<0.5
26.8
38.3
39.3
7.6
7.2
9.2
4.5
1.1
2.3
7.1
8.8
9.5
3.5
2.8
2.7
50.0
42.0
36.7

One-pulse 29Si MAS NMR spectra are illustrated in Figure 3.

Figure 3. 29Si MAS NMR spectra collected at 4 and 5 months for specimens stored in water (a) and for samples
obtained from the deteriorated surface of specimens exposed to magnesium sulfate solution (b). Black curves:
experimental spectra; Colored curves: deconvoluted spectra.
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Five components were detected in the water-cured specimens with isotropic chemical shifts
at around ─85 ppm, ─82 ppm, ─79 ppm, ─76 ppm and ─72 ppm. The first three values
correspond to Q2, Q2(1Al) and Q1 species, respectively, which are characteristic for the C─S─H
phase (Walkley and Provis, 2019; Richardson et al., 1993; Kunther et al., 2015). The quite
broad component at ─76 ppm is in close proximity to the isotropic chemical shift values
assigned to anhydrated alite grains (Rawal et al., 2010), indicating an amorphous environment
which is related to hydrated clinker grains. The isotropic chemical shift at ─72 ppm is
characteristic of unreacted belite (Andersen et al., 2003), in agreement with XRPD results.
Q2, Q2(1Al) and Q1 species were also identified in the samples obtained from the deteriorated
surface of specimens exposed to S solution. Another component at around ─88 ppm, attributed
to bridging SiO4 tetrahedra in C─S─H connected to each other through hydrogen bonding (Q2u
species) (L’ Hôpital et al., 2015), was identified in these samples. In addition, two more
components were detected; one at ─179 ppm assigned to SiO6 group, which is characteristic of
the thaumasite structure (Grimmer et al., 1986), and another at ─91 ppm which is attributed to
Q3(1Al) species in cross-linked aluminosilicate chains (Richardson et al., 2010). The presence
of both components points to deterioration of C─S─H phase during sulfate attack. The broad
shape of the component at around ─73 ppm, most likely, corresponds to partially hydrated
clinker phases, since there is no indication of anhydrated grains in the XRPD patterns.
Quantitative results derived from the deconvolution of spectra are reported in Table 3.
Table 3. Intergrated area (%) derived from component deconvolution of 29Si MAS NMR spectra.

Isotropic chemical
shift (ppm)

─179
─91
─88
─85
─82
─79
─76
─74
─72

Component
SiO6
Q3(1Al)
Q2u
Q2
Q2(1Al)
Q1
Q1
Q1
Q0 (belite)

Exposure period to W
4 months
5 months
─
─
─
26.1
5.7
41.4
24.9
─
2.0

─
─
─
25.2
5.1
39.4
28.6
─
1.7

Exposure period to S
4 months
5 months
6.6
21.8
10.9
25.5
7.4
24.9
─
3.0
─

10.0
19.2
12.9
23.4
7.9
22.8
─
3.7
─

Minor differences were observed between samples obtained from specimens exposed for 4
and 5 months to the same environment. The main observation, regarding the water-cured
specimens, is the increase of the component at ─76 ppm and the decrease of the one at ─72,
indicating the ongoing hydration of clinker. In samples obtained from deteriorated specimens,
the increase in the content of SiO6 component with time is related to the increase of thaumasite
content, as confirmed by XRPD (Table 2). Comparison of the sulfate-affected specimens with
those stored in water reveals that, besides thaumasite formation, sulfate attack led to
consumption of Q0 phases and polymerization of silicate chains (formation Q2, Q2u and Q3(1Al)
species at the expense of Q1).

1044

Konstantinos Sotiriadis, Michal Hlobil, Jaromír Toušek, Dita Machová, Petra Mácová, Michal Vopálenský and
Alberto Viani

4

Conclusions
-

The aggressive chemical environment employed in the study produced intense
deterioration of the limestone cement paste specimens, which resulted in the rapid
decline of compressive strength.
Deterioration proceeded as a front that initiated through the formation of concentric
crack patterns, followed by detachment of the sulfate-affected external part from the
sound core.
Thaumasite, ettringite and gypsum formed during sulfate attack at the expense of
portlandite, calcite, monocarboaluminate hydrate and C─S─H; gypsum was the most
abundant deterioration product, whose quantity increased with time.
Sulfate attack promoted polymerization of silicate chains in C─S─H (increase of Q2
and increase of Q1 species), and extensive deterioration of C─S─H phase as indicated
from the presence of Q3(1Al) component.
The collected quantitative data will be employed in the development of a
micromechanical model for predicting mechanical properties of cementitious materials
exposed to thaumasite sulfate attack.
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Abstract. Self-Compacting Concrete (SCC) is an effective, reliable and safer technology to cast-inplace concrete structures. However, the large amount of paste required to achieve its high flowability
may increase drying shrinkage at early age, due to the undesirable effects of curing conditions,
producing micro-cracking and damaging concrete members. When this happens, an evaluation of the
hardened SCC is necessary and Non-destructive testing techniques (NDT) can be suitable. Among NDT,
Ultrasonic pulses (US) have showed to be very useful due to its portability, easiness of application and
sensitivity to changes in material microstructure, porosity and presence of defects. In order to evaluate
the applicability of ultrasonic (US) waves to better understand the relations among composition,
microstructure, properties, curing conditions and micro-cracking, an experimental program using
transmission P- and S- waves was carried out on SCC with limestone filler (LF), microsilica (MS) and
nanosilica (NS), set and hardened under different curing conditions: 10, 20 and 30 °C and 40 and 80
% relative humidity. Free shrinkage and double displacement restrained slabs were tested and cracking
potential due to Early Age Shrinkage was assessed. Ultrasonic transmission time and wave amplitude
of the raw US signal were measured and Ultrasonic pulse velocity (UPV) and attenuation coefficient
were calculated. In addition, some physical and mechanical properties of cracked and un-cracked
samples were measured. The aim of this study was to compare US parameters to hardened properties
of cracked and un-cracked SCC. Correlations for SCC micro-cracking based on US parameters were
identified, demonstrating the potential of using transmission US P- and S- waves as an evaluation
technique for micro-damaged SCC.
Keywords: Ultrasonic, P and S Waves, Micro-Cracking, SCC, Hardened Properties.

1 Introduction
Self-Compacting Concrete (SCC) is designed to improve cast-in-place structures by increasing
paste phase and enhancing fresh rheology. However, larger paste volume makes SCC more
sensitive to curing conditions, increasing early age (EA) drying shrinkage and micro-cracking
potential (Puentes et al., 2014). SCC usually incorporates supplementary cementitious materials
(SCM) in its composition. The type and amount of SCM used has been identified to also affect
cracking potential damage jointly with curing conditions on SCC with limestone filler,
microsilica and nanosilica (Barluenga et al., 2018). When EA cracking occurs, an evaluation
of the hardened properties of SCC is necessary. Among the Non-destructive testing techniques
(NDT) available, radar, electrical resistivity, capacitance measurements and ultrasound have
been described to be suitable for estimating material properties (Garnier et al., 2013). Ultrasonic
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pulses (US) is often preferred due to its portability, easiness of application and sensitivity to
changes in material microstructure, porosity and defect detection (Selleck et al., 1998; Aggelis,
2013; Barluenga et al., 2015; Palomar et al., 2017). US parameters such as ultrasonic
transmission times and wave amplitude of the raw US signal propagated through the material
can be used to evaluate the relations among composition, microstructure, properties, curing
conditions and micro-cracking (Yim et al., 2012; Shiotani et al., 2009). The most commonly
used US wave type is compressive or P-wave, although there are transducers commercially
available that combine P- and S-waves (shear pulses). Thus, the wave velocity propagation
(UPV), the wave attenuation coefficient (AT) and Young modulus, Shear modulus and
Poisson’s coefficient ratio can be calculated (Palomar et al., 2017). The combination of US
parameters considering both UPV and AT can be used for concrete micro-cracking assessment
(Shiotani et al., 2009).
The aim of this study was to compare US parameters to hardened properties of cracked and
un-cracked SCC with limestone filler (LF), microsilica (MS) and nanosilica (NS). An
experimental program using transmission P- and S- waves was carried out on SCC set and
hardened under different curing conditions. The applicability of ultrasonic (US) waves to better
understand the relations among composition, microstructure, properties, curing conditions and
micro-cracking was evaluated.

2 Experimental Program
2.1 Materials and Mixtures
SCC mixtures are summarized in Table 1. A reference SCC containing a CEM I 42.5 R cement,
limestone filler; fine and coarse aggregates, water and 1% by weight of cement (bwoc) of a
high range water reducing admixture (HRWRA) was designed (HCA). Afterwards, limestone
filler was replaced by densified microsilica (HCAMS) and colloidal nanosilica (HCANS), 10
and 5% bwoc respectively (see Barluenga et al., 2018 for further descriptions).
2.2 Experimental Methods and Preliminary Results
2.2.1

Early age cracking potential in different curing conditions

Early age (EA) cracking potential was measured using a double restrained slab test subjected
to 10, 20 and 30 °C curing temperatures and 40 and 80 % relative humidity (RH) during the
first 24 h. The test setup consisted of 400 x 300 x 45 mm slabs, with double displacement
restricted by internal plugs attached to the mold, in order to maximize EA cracking potential
(Barluenga et al., 2018). The slabs were demolded at 24 h and stored in laboratory conditions
until crack measurement at 7 days. The cracked area (Ac) summarized in Table 2 was calculated
measuring cracks length (L) and width (W) (Puentes et al., 2014). The results of the SCC mixes
with filler (HCA) showed high Ac. It can also be observed that the L and W for HCA were higher,
especially at 20°C and 40% RH. SCC with Microsilica (HCAMS) reduced significantly EA
cracking, except for hot-dry conditions. In the case of SCC with nanosilica (HCANS) Ac was
slightly lower, although the cracks were narrower than HCA and HCAMS. In general, silica
based additions at hot-dry conditions showed a high EA cracking risk, whereas it was minimized
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in hot-wet conditions. The increase of hydration speed and microstructure formation in hot-dry
curing conditions may explain this effect on EA cracking (Barluenga et al., 2018).
Table 1. SCC Compositions (kg/m3).

HCA
350
350
790
679
179
3.5
0.6
0.3

Cement
Limestone Filler
Gravel (4–20 mm)
Sand (0–4 mm)
Microsilica
Nanosilica
Water*
HRWRA
w/c **
w/b **

HCAMS
350
315
790
679
35
179
3.5
0.6
0.3

* Liquid water added.
** The amount of water included in the components (sand humidity (4.3%), SP and NS) was also considered.

HCANS
350
332.5
790
679
79.5
117
3.5
0.6
0.3

Table 2. Early age cracking parameters. Physical and mechanical properties at hardened state.

Ac

Lmax

Wm
mm

103ml/s mm²

106ml/s mm²

WAR *

Po**

CS**

539
353
448
2139
0
42
253
122
91
0
0
0
641
0
327
166
231
391
592
584
0

66
70
90
145
0
25
65
17
25
0
0
0
75
0
59
70
50
140
55
40
0

0.17
0.07
0.18
0.66
0
0.05
0.06
0.05
0.09
0
0
0
0.21
0
0.06
0.06
0.05
0.12
0.05
0.06
0

0.48
0.63
0.27
0.45
0.73
0.67
0.13
0.18
0.18
0.12
0.09
0.17
0.47
0.07
0.22
0.16
0.31
0.10
0.17
0.25
0.32

0.93
1.12
1.09
1.25
1.29
0.32
0.50
1.02
1.03
1.52
0.67
0.83
1.37
0.67
1.05
2.18
1.09
0.51
0.94
0.70
0.87

2.34
2.55
3.11
1.85
3.21
0.97
1.88
2.47
1.28
2.22
2.33
2.06
0.92
2.29
1.98
2.58
1.43
2.21
4.64
0.89

34
35
30
35
31
34
37
33
37
36
32
37
29
30
36
42
37
34
36
33
36

mm2/m2

HCA
10-40
10-80
20-40
20-80
30-40
30-80
HCAMS
10-40
10-80
20-40
20-80
30-40
30-80
HCANS
10-40
10-80
20-40
20-80
30-40
30-80

mm

* Cracked samples. ** Un-cracked samples at 28 days.

2.2.2

AER*

%

MPa

NDT assessment by ultrasonic pulse propagation

Ultrasonic pulses (US) were applied on hardened samples of cracked and un-cracked SCC
samples with dimensions of 400 x 300 x 45 mm and 60 x 50 x 100 mm, respectively. P- and S-
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waves 250 kHz transducers were used. The amplitude (V) in time domain (µs) of the P- and Swave raw signal through SCC samples were obtained. P-wave (Pw) and S-wave (Sw) pulse
velocity were identified using the Hilbert transform algorithm (Birgül, 2009). In addition,
attenuation coefficient (AT 250) was calculated (Palomar et al., 2017), where the higher AT 250,
the lower the US energy absorbed by the SCC sample.
2.2.3

SCC hardened properties

Table 2 also summarizes several hardened physical and mechanical properties measured on 400
x 300 x 45 mm cracked slabs or 100 x 100 x 100 mm un-cracked samples. Air and water
permeability were measured on cracked SCC slabs with a Figg’s method based apparatus
(Porosiscope™). The measured time for air or water to permeate through the concrete was used
to estimate Air Exclusion Rating (AER) and Water Absorption Rate (WAR), respectively
(Barluenga et al., 2017). Open porosity accessible to water (PO) and compressive strength (CS)
were measured on cubic un-cracked samples at 28 days. HCA showed higher air permeability
than SCC with silica based additions, while water permeability values were similar for all SCC
compositions. Regarding curing conditions, HCA and HCANS samples showed large AER
values even when cracks were not observed on the slabs. In contrast, the most damaged
HCAMS slab presented the highest AER value. WAR was larger for HCA and HCAMS slabs
without visible damage. SCC with nanosilica (HCANS) produced large values of WAR at colddry conditions despite its higher CS. Some correlations among the composition parameters,
hardened properties and curing conditions have been described in a previous work (Barluenga
et al., 2018). Regarding SCC compositions, HCAMS reduced open porosity and HCANS
increased compressive strength. In general, hot-wet curing conditions produced lower PO,
independently to the SCC composition, and increased CS on HCA samples. Cold-dry
environment on HCMS and HCANS produced higher CS.
Table 3. P- and S-wave velocity and attenuation coefficient of US signal for SCC un-cracked samples.

Pw
HCA
HCAMS
HCANS

m/s

3938
3926
3684

Sw

m/s

2472
2342
2201

AT250

dB/mm

0.36
0.53
0.52

3 Experimental Results and Discussion
3.1 Ultrasonic Characterization of Un-Cracked SCC Samples
Table 3 summarizes the experimental results of P- and S-wave propagation velocities (Pw and
Sw) and attenuation coefficient (AT 250) of un-cracked SCC samples. Pw and AT 250 presented
lower variability related to SCC compositions. In contrast, Sw was sensitive to SCC
composition: the smaller the particle size, the slower S-wave propagation velocity. Figure 1
plots the experimental results of Pw and Sw and AT250 of un-cracked SCC samples in different
curing conditions. Pw and AT250 presented a high variability, although they showed different
trends, while Sw did not depend on curing conditions.
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3.2 Ultrasonic Evaluation of Cracked SCC Samples
Figure 2 and 3 plot the experimental results of Pw and Sw and AT250 of cracked SCC samples.

Figure 1. P- and S-wave velocity and attenuation coefficient of US signal for SCC un-cracked samples at
different curing conditions.

Figure 2. P- and S-wave velocity of US signal for SCC cracked samples at different curing conditions.
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US propagation was measured on damaged slabs with visible (VC) and non-visible cracks
(NVC). Regarding US velocities, Pw scatter was slightly higher in cracked samples than in uncracked samples, although cracked values were lower than un-cracked. Pw on NVC was around
230 m/s faster than VC. Sw showed very low variability on cracked samples despite the effect
of composition, curing conditions and NVC or VC. In addition, some damaged samples showed
similar Pw and Sw values, with differences smaller than 1000 m/s. These values do not
correspond to undamaged SCC and cannot be used to calculate mechanical properties of
damaged slabs, as elastic modulus or Poisson Coefficient (Barluenga et al., 2018).
A large dispersion of attenuation was recorded for cracked samples (Figure 3) and AT250
was higher for VC than NVC. The highest AT 250 values (closely 1.00 dB/mm) corresponded to
the widest cracks measured (HCA-1080 and 2040 and HCAMS-3040). Thus, cracks decreased
the amplitude of the wave in damaged areas due to scattering and diffraction effects (Yim et
al., 2012). These results points out the sensitivity of AT250 to concentrated damage as visible
cracks. However, some cracks produced by EA shrinkage of displacement restrained SCC
members can progress from inside of the sample (Serpukhov et al., 2010), producing AT250
values with little differences between VC and NVC areas. Accordingly, AT 250 can detect both
VC and NVC.

Figure 3. Attenuation coefficient of US signal for SCC cracked samples at different curing conditions.

3.3 Damage Evaluation of SCC Using NDT
An evaluation of damage and cracking potential by US analysis was carried out and is plotted
in Figures 4 and 5, respectively. Regarding damage and US parameters, in general velocities of
cracked samples were slower than on un-cracked samples (Selleck et al., 1998), except HCA
and HCAMS cured at 10º C. On the other hand, two behaviors were identified in AT250: 1) HCA
and HCANS; values of un-cracked samples were lower than cracked ones; 2) HCAMS AT250
values were higher for un-cracked than for cracked samples. These differences can be explained
considering the effect of SCC composition on cracking potential. HCA and HCANS showed
larger cracking potential, whereas HCAMS cracking potential was remarkably lower. There
were two exceptions to this trends: HCAMS 3040 (visible damage) and HCANS-2040 (red
labeled in the graph). This last case showed long and wide cracks and low AER and WAR,
meaning concentrated damages that can explain its exceptionality.
As a predictive tool for EA cracking potential of SCC, cracked area (Ac) can be compared
to the ratio between Pw and Sw (Pw/Sw) of un-cracked samples (Figure 5). The results showed
an inverse relationship between Pw/Sw and Ac until a constant value of 1.60 or 1.80, which
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depended on sample composition. A ratio of 1.80 means a Poisson’s ratio (υ) around 0.28: the
larger the ratio the lower the compressibility. Therefore, if the un-cracked sample reaches a
certain Pw/Sw or compressibility, EA cracking potential will be minimized (HCAMS and
HCANS). In the case of HCA, Pw/Sw showed littele cracking potential variability.

Figure 4. Ultrasonic pulse velocity and attenuation coefficient: un-cracked vs cracked values.

Figure 5. P- and S-wave velocity ratio (Pw/Sw) for un-cracked samples vs EA cracking parameters (Ac).

4 Conclusions
The applicability of ultrasonic (US) waves to better understand the relations among
composition, microstructure, properties, curing conditions and early age cracking potential of
SCC with limestone filler (LF), microsilica (MS) and nanosilica (NS) was assessed. The
influence of composition, curing conditions and micro-damage on US parameters (P- and Swave velocities and signal attenuation) were analyzed. The main conclusions were:
- Changes in SCC compositions and curing conditions modified early age (EA) cracking
potential and hardened properties.
- SCC compositions and curing conditions had a significant effect on US velocity
propagation and attenuation coefficient in un-cracked and cracked samples, although
the effect on US parameters it is not linear.
- US parameters were identified as key parameters to assess the micro-damage or the EA
cracking potential of SCC.
- US velocities of un-cracked samples were higher than those of cracked samples. The

1053

Irene Palomar, Gonzalo Barluenga, Hugo Varela, Javier Puentes and Ángel Rodríguez

-

attenuation coefficient of un-cracked SCC was lower than the damaged samples, either
when the cracks were externally visible and when they were internal and non-visible.
EA cracking potential was estimated for samples set and hardened under same curing
conditions, using P- and S-wave velocity ratio (Pw/Sw) of un-cracked samples.
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Abstract. Solar reflective materials are one of the most efficient solution to the urban heat island effect,
according to which temperatures, in urban areas are significantly higher than those in the surrounding
rural areas. Solar reflective materials (SRM) are characterized by the ability to reflect solar radiation
in the whole wavelength spectrum remaining cooler under the sun. The importance of radiative
properties focused the attention more on SRM subjected to aging processes instead of the new products.
According to this, several standards are, nowadays, available to investigate natural (ASTM G7, ANSI
CRRC/S100) and accelerated (ASTM D7897) aging. Unfortunately, these standards do not take into
account the presence and the growth of microorganisms such as algae and cyanobacteria, which can
be responsible not only for the decrease of radiative properties against time, but also for the decay of
physical and chemical properties of SRM themselves. This study outlines an experimental procedure to
accelerate natural bio-deterioration of building materials through a laboratory test. Two types of SRM
have been involved, studying their thermal properties before and after the bio-deterioration accelerated
treatment. The methodology involves the use of a Temporary Immersion System (TIS bioreactor), which
is based on the temporized soaking of materials samples with a liquid growth medium inoculated by
selected species of algae or cyanobacteria. The system promotes a homogeneous contact between the
materials surfaces and these microorganisms blowing sterilized air into the medium inside the
bioreactor chamber. Within three weeks into TIS bioreactor, materials samples have shown large areas
of biofilm deposition on themselves. The experimental procedure, hence, confirms the capability of the
system to optimize environment conditions where the growth of microorganism and their interactions
with materials results accelerated. Very high attention is given to the aim to make the procedure
repeatable. For this proposal, all the variable factors are minimized, maintaining constant the
environmental condition and working on sterility in order to do not contaminate or alter the growth
inside the bioreactor.
Keywords: Solar Reflectance, Colorimetry, Bio-Deterioration, Bioreactor.

1 Introduction
Building materials are affected by several aesthetical and functional issues due to ageing
processes which can be related to physical, chemical or biological factors (Sleiman et al. 2014).
Among these factors, the biological growth represents a phenomenon in addition to physical
and chemical problems due to weathering and soiling, which accelerates the fouling process of
outdoor materials (Ferrari et al. 2015). The biofilm changes the aesthetical appearance of
materials and can even compromise the durability of structures by corrosion and
biodeterioration induced by the microorganisms (Maury-Ramirez et al., 2013).

doi:10.23967/dbmc.2020.194
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Several studies on natural conditions suggests that bio colonization is primarily related to
the physical characteristics of the stone surface (porosity, roughness, and permeability) and
secondarily to the nature of substratum (Gaylarde et al., 2011). Microorganisms produce
variously coloured patinas on the materials inducing aesthetical damage (Ortega-Calvo et al.,
1995). Biological growth also exerts a pressure inside the pores on the surface, resulting in
biogeophysical deterioration, i.e. the surface detachment and superficial losses. Definitively,
microorganisms play an important role in the deterioration of building materials, being
responsible for aesthetic, biogeophysical and biogeochemical damage.
Considering Solar Reflective Materials (SRM), bio-deterioration process takes part to
important performances losses in terms of surface thermal properties, such as solar reflectance
and thermal emittance. Since studying microbial growth under natural conditions is too slow as
an investigation approach to develop and to improve industrial products, several studies have
been carried out on surface bio-ageing with the aim of analyse and to assess the energy impact
on the buildings (Cheng et al., 2011; Cheng et al.,2012; Gaylarde and Gaylarde, 2005;
Mastrapostoli et al., 2016). However, due to its the wide variability depending on
environmental conditions and mainly by geographical position of the building, bio-deterioration
is not yet being completely understood and quantify by the scientific community.
Thus, this study is aimed to study biological colonization on building materials in a
repeatable and reproducible way, in order to quantify the changes on the surfaces properties
due to biological growth. An innovative and laboratory protocol to accelerate biological
colonization effects on building surfaces by different pioneering organisms (algae and
cyanobacteria) is here presented. The goal was to provide a faster, reproducible and reliable test
method to assess the long term behaviour of building surfaces relevant to, among the other,
energy performance for cooling.

2 Material and Methods
A laboratory protocol to expose building material samples to biological colonization is here
presented. The setup consists in a growth chamber (Figure 1), where all the environmental
factors have been maintained constantly monitored and stable. The device chosen as growth
chamber is a TIS (Temporary Immersion System) bioreactor (Welander et al., 2014).

a.

b.

Figure 1. (a) TIS bioreactor equipped with the samples; (b) couple of TIS bioreactors for different
environmental microorganisms (Chlorella mirabilis and Nostoc commune), start time of the test (t0).

It is a sealing growth camera where the samples are placed on a tray and temporarily flooded
by 500 ml of culture medium, inoculated by selected microorganisms according to 1:50
concentration rate. The submersion is induced by a pump (10 W), which inputs sterilized air
inside the liquid medium in order to raise the level of that and submerge the samples on the
tray. The level of the medium is subsequently lowered by stopping the air supply into the
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medium and raising the air pressure inside the camera, through a second pump (5 W). These
working conditions were turned on and off trough a complete automated system. A complete
bio-ageing cycle lasts 3 weeks and two types of building material were involved in this
preliminary work: single ply cool white membrane (WM) and asphalt shingle (AS). Two
samples for each type of material were included for each bioreactor, and each bio-ageing cycle
was performed in triplicate in order to get statistically significant results.
Two specie of different microorganisms were used separately to study biofilm formation on
sample surfaces: the green microalga Chlorella mirabilis and the cyanobacteria Nostoc
commune. They were chosen among the huge variability of environmental ubiquitous
organisms (Ferrari et al. 2015) and different culture medium were used for each microorganism:
Bold Basal Medium (BBM) (ref) was applied for Chlorella m. and Blue Green medium (BG11) for Nostoc c. TIS bioreactors were put into the incubator (Biolog, AG-System) where the
temperature and relative humidity level was stable (23°C and 50% respectively), and 14h
light/10h dark periods are contemporarily alternated by a fluorescent lamp system.
Since the study is finalized to develop a repeatable and reproducible protocol for bio-ageing
trial, TIS bioreactors and culture medium are therefore completely sterilized before use to
minimize the variability of environmental factors and avoid contamination of the biological
cultures on growth. Two different sample submersion times were investigated: 10 minutes/6
times a day every 4 hours (setup #1) and 30 minute /6 times a day every 4 hours (setup #2):
each time condition has been tested three repeated times as abovementioned. The complete
overview on experimental setup studied in this work are shown in Figure 2.

Figure 2. Bio-ageing experimental design: 2 bioreactors types were prepared for each trial; 4 samples were
included into each bioreactor (double samples for each material); two setups were studied; the trials have been
run in triplicate.

Such “flood and dry” approach tries to replicate the natural wetting and dry cycles that
typically occur outdoor on the building surfaces. Reproducing a bio-deterioration phenomenon
in laboratory allows to choose and set up stable environmental conditions, which are the
optimum for biological growth, and to compress colonization time.
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2.1 Material Characterization
Material characterization was performed on sample surface before and after the bio-ageing test
through several analyses. Firstly, surface microstructure were investigated by Environmental
Scanning Electron Microscope (ESEM, Quanta200) operating in low vacuum conditions; Solar
Reflectance (ρsol) was analyzed by UV-Vis-Nir Spectrophotometer (Jasco V-670), according
with ASTM Standard E903 (ASTM E903, 1996). To evaluate how the surface color was
modified during the whole campaign L*a*b* values were calculated both on new and aged
samples starting from solar reflectance values in visible region (λ range: 300-800 nm). ΔE
values were calculated by means of ΔE = √(L∗1 − L∗2 )2 + (a∗1 − a∗2 )2 + (b1∗ − b∗2 )2 to quantify
the difference in color between the two stages of aging. Statistical analysis by ANOVA (Past3
Software) has been run in order to evaluate the repeatability of the preliminary protocol.

3 Results and Discussion
The differences collected between setup#1 and setup #2 trials are visibly high as the example
reported in Figure 3. The first set up trial, reported in triplicate, shows a weaker but more
homogeneous growth on materials samples then the second set up trials, where the submersion
time has been 30 minutes for 6 times a day.

Figure 3. WM and AS aged samples are shown: a and b samples come from bioreactor run with green alga
inoculum; c and d ones come from bioreactor run with cyanobacteria inoculum; the results from 1 (test n° 2 and
test n° 5) of 3 repeated tests by both setups types are shown; on the right, new (t0) sample are shown.

3.1 Electron Microscopy
Micromorphology and chemical composition analysis through Electron Microscopy carried out
on samples before colonization, additional analysis were performed on aged samples
immediately after the end of the bio-ageing trials. This allow to check microorganisms while
they were still alive. Figure 4 shows the two different colonies of organisms in separate TIS
bioreactor on AS sample: green alga (Chlorella m.) build spherical shape colonies (Fig. 4a) and
cyanobacteria (Nostoc c.) are set in filamentous colonies (Fig. 4b).
Roughness on AS samples is high due to the presence of grains: this create the presence of
several niches on surfaces, which represents a suitable place for biological growth thanks the
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longer staying of humidity. C is the most aboundant element in both AS (65.0% ± 22.7%) and
WM (96.6% ± 4.4%) materials, but AS samples are richer in elemental diversity: traces of Mg,
Al, Si, S, K, Ca, Ti, Fe compounds have been detected by ESEM.

a.

b.

Figure 4. ESEM images from ESEM analysis: (a) Chlorella m. spherical cells colonies on AS sample; (b)
Nostoc c. filamentous structure on AS sample. Mag. 1000X.

3.2 Solar Reflectance
Solar reflectance (ρsol) values and standard deviation calculated on average values between
samples exposed to the same microorganism (a and b to Chlorella m. and c and d to Nostoc c.)
have been reported in Table 1. New and aged values are shown. Results have been elaborated
comparing the same material ρsol values between two different setup trials (#1 and #2) and
within the same set up trial. The evaluation on sample surface colonized by two different
microorganisms (green alga and cyanobacteria) have been kept separated.
Solar reflectance values got on aged surfaces through two different TIS bioreactor
submersion time (setup #1 and #2) highlight significant differences on both types of material,
rising the strong variability among setups. Moreover, the colonization level due to green alga
(Chlorella m.) compared with the one due to cyanobacteria (Nostoc c.) are significantly distant:
they have been evaluated separately.
Table 1 shows ρsol decrease considering only a and b samples, before and after bio-ageing
process. Samples a and b, exposed to green alga, underline a lower ρsol decrease through setup
#2 compared with setup #1. This is true for both WM and AS samples. A reverse situation was
achieved on samples c and d for both material types, exposed to cyanobacteria: the ρsol decrease
is higher through setup #2, where the submersion time is tripled compared with setup #1.
Statistical analysis among solar reflectance results obtained through repeated trials within
the same setup type was performed. TIS bioreactor system, in particularly the case with green
alga and setup#1 shows a good repeatability: the differences among ρsol on the same material
type (AS or WM) from different trials are not significant (p-value >0.05). However, this not
occurs on ρsol measured on aged samples c and d exposed to cyanobacteria colonization, neither
for setup#1 and setup #2: in these cases, the statistical analysis highlight high significant
differences among repeated trials (p-value<<0.05).
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-0.045

0.011

AS3_a-b

0.304

0.275

-0.029

0.021

AS4_a-b

0.303

0.229

-0.071

0.030

AS5_a-b

0.304

0.294

-0.010

0.014

AS6_a-b

0.304

0.295

-0.008

0.005

AS7_a-b

0.308

0.312

0.004

0.010

0.012

AS3_c-d

0.305

0.280

-0.025

0.002

AS4_c-d

0.298

0.232

-0.066

0.015

AS5_c-d

0.303

0.218

-0.085

0.007

AS6_c-d

0.306

0.203

-0.103

0.005

AS7_c-d

0.293

0.249

-0.044

0.008

Mean ρsol
(aged)
0.788

Δ ρsol
-0.049

SD
0.005

SD

Sample
name

-0.037

0.002

WM2_c-d

ρsol
(new)
0.837

WM3_a-b

0.837

0.759

-0.078

0.003

WM3_c-d

0.837

0.753

-0.084

0.004

WM4_a-b

0.837

0.804

-0.033

0.007

WM4_c-d

0.837

0.775

-0.061

0.013

WM5_a-b

0.836

0.760

-0.076

0.007

WM5_c-d

0.832

0.600

-0.232

0.037

WM6_c-d

0.828

0.705

-0.123

0.024

WM7_c-d

0.819

0.574

-0.244

0.034

WM6_a-b

0.827

0.769

-0.058

0.012

WM7_a-b

0.822

0.787

-0.035

0.018

set up#1

Δ ρsol

WM2_a-b

Mean ρsol
(aged)
0.801

set up #2

set up#1

-0.024

ρsol
(new)
0.837

Sample name

set up #2

Mean ρsol
(aged)
0.281

SD

AS2_c-d

ρsol
(new)
0.305

Δ ρsol

set up#1

Sample
name

Sample
name

set up #2

SD

set up#1

Mean ρsol
(aged)
0.260

Δ ρsol

AS2_a-b

ρsol
(new)
0.304

set up #2

Table 1. Solar reflectance values by ASTM E903 are shown: AS and WM samples from both bioreactors with
green alga (a-b) and cyanobacteria (c-d) inoculum; mean values on a-b and c-d samples are reported; Δ ρsol
between new and aged samples are reported; SD among repeated ρsol measurements are considered.
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Since ASTM E903 spectral chart analysis (Figure 4) underlines how the main difference
occurred within the Visible range of the complete solar reflectance spectrum, as showed in
Figure 5, colorimetry analysis was deemed important to better evaluate the results of bio-ageing
protocol.

Wavelength (nm)

Figure 5. ASTM Solar Reflectance spectral chart on WM sample: (a) results on new sample; (b) results on bioaged sample. 3 repeated measurements on the same sample have been performed.

3.2 Colorimetry
Figure 5 reports the colorimetric differences between new (L* values) and aged (ΔL* and ΔE)
material types. Colorimetric differences have been calculated using the difference ρsol within
300-800-nm λ range (visible region). ΔL* and ΔE have been assessed comparing all the samples
(a,b,c,d) coming from two different setup: again, the repeatability was described within the
three trials with the same setup. These results confirm what noticed through solar reflectance:

1060

Giulia Santunione, Chiara Ferrari, Alberto Muscio and Elisabetta Sgarbi

while the colonization level and solar reflectance decrease showed a good repeatability within
the trials of setup#1, this was not happened to setup #2, where sample submersion time was
tripled compared with #1.

a.

b.

c.

d.

Figure 6. Colorimetry values among bio-ageing trials 2-3-4 run through setup#1 (a, b) and among bio-ageing
trials 5-6-7 run through setup#2 (c, d). All sample values are shown.

Microorganisms pigments are the main responsible of aesthetical damage on surfaces and
they sharply contribute to losses in solar reflectance, as observed in this study. As shown in
Figure 5, ΔL* and ΔE are averagely higher on AS samples (mean ΔL* -13.4±1.3; mean ΔE
17.5±1.1) than in WM ones (mean ΔL* -4.3±0.5; mean ΔE 9.9±0.9) for setup #1. ΔL* and ΔE
from setup #2 are similar to #1 for AS samples (mean ΔL* -14.4±1.5; mean ΔE 17.2±1.3), but
the colorimetric distances from new and aged surfaces are deeper.

4 Conclusions
This work provides a preliminary laboratory bio-ageing protocol suitable to study the biodeterioration dynamics on building materials surfaces, in particular solar reflective materials.
Since biological growth variability that occurs on surfaces in natural environment is really high,
the bio-ageing protocol here proposed has been thought in order to keep stable and monitored
all the laboratory environmental factors. Two specie of microorganisms, Chlorella m. and
Nostoc c., and two different laboratory setup have been investigated (setup#1 and setup#2) in
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order to study the more repeatable experimental conditions. Solar reflectance and colorimetry
analysis on repeated trials shows setup#1 (where 10 minutes of sample submersion time are
repeated 6 times a day every 4 hours) as the most repeatable, and specifically when run with
the green alga (Chlorella m.). All the other experimental conditions achieved differences among
the same sample type statistically significant. Even though the challenge to make repeatable
something that it is not for its meaning definition, the preliminary bio-ageing setup#1 confirms
the capability of the system to optimize environment conditions where the growth of
microorganisms and their interactions with materials results faster, providing a way to
investigate bio-deterioration processes on materials.
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Abstract. This paper is a report on the investigation results of the Former Shime Mining Office Vertical
Derrick, which was built in 1943 and was 75 years old at the time of the investigation. The building
suffered from serious deterioration including rebar corrosion, which led to large area of concrete
spalling. In this report, aggregation data of concrete spalling has been presented along with the
investigation results of cover thickness. According to the investigation results, concrete spalling
occurred in places where cover thickness was less than 25 mm. And According to the aggregation data,
concrete spalling flakes increased by approximately 200 pieces per year, with the average size of 10 cm
in diameter. Also, a possible relation between concrete spalling and rainfall was observed during the
investigation. Equations using the proportion of wet area affected by rainfall to estimate the area of
spalling are proposed, although the value of empirical coefficientαneeds further discussion, including
collecting data from other buildings where spalling occurs.
Keywords: Durability, Historical Buildings, Concrete Spalling, Concrete Moisture, Rebar
Corrosion.

1 Introduction
Concrete moisture is known to be a key parameter of rebar corrosion which leads to spalling
and deterioration of the concrete structure. While reports on evolution of water content in real
structures are still scarce, This paper is a report on the investigation results of the Former Shime
Mining Office Vertical Derrick, which was 75 years old at the time of the investigation and had
suffered from severe deterioration including rebar corrosion, which led to large area of concrete
spalling. In addition, a possible relation between concrete spalling and rainfall was observed.
The introduction and the photo of the Former Shime Mining Office Vertical Derrick are
shown in Table 1 and Figure 1.

doi:10.23967/dbmc.2020.113
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2 Approach
To monitor the inner relative humidity evolution where the concrete cover was thin, from June
1st to July 25th, 2018, several thermo-hygrometers were implanted inside the concrete with cover
thickness of 10mm and 40 mm. Concrete spalling had been observed and calculated every 3
months since February 2011. Cover thickness was measured with an electromagnetic radar
method or a scale according to the condition of the cover.
Table 1. Introduction of the Former Shime Mining Office Vertical Derrick.

Location Shime town, Fukuoka
Owner
Size
(m)

Structure

RC

Shime town

Completion May, 1943

height

47.6

length

15.3

width

12.3

47.6m

Figure 1. Photo of the Former Shime Mining Office Vertical Derrick.

3 Results
3.1 Results of Relative Humidity Monitoring
The results of relative humidity and temperature monitored during June 1st to July 25th, 2018,
along with precipitation observed by Japan Meteorological Agency are shown in Figure 2.
These results indicate that places with thinner cover thickness tend to be influenced by weather
events such as rain.
3.2 Results of Concrete Spalling and Cover Thickness
Concrete spalling had been observed every 3 months since February 2011. The Figures used
below are based on the observation record. Figure 3 shows the accumulated number of
concrete flakes, which increased by the rate of approximately 200 pieces per year. However,
the influence of weather events or earthquake was still unclear. Figure 5 shows the size and
numbers of the flakes, which are around 5~10 cm in diameter. In addition, cover thickness
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and level of rebar corrosion in relation to concrete spalling were also investigated. The
subjects investigated included pillars and beams of 4 directions from 1st floor to 3rd floor. The
aggregated results of cover thickness by are shown in Figure 6. According to the results, rebar
exposure induced by concrete spalling occurred when cover thickness was less than 25 mm.

Figure 2. Evolution of Relative Humidity and Temperature (Upper: Cover=10mm, Middle: Cover=40mm) and
Precipitation.

1m
Figure 3. Accumulated number of concrete flakes.

Figure 4. Rebar exposure due to spalling.
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3.3 Results of Air Permeability Test and Carbonation
The results of the relation between the coefficient of carbonation and the coefficient of air
permeability are shown in figure 7, along with previous investigation results of other buildings.
The coefficient of carbonation is calculated by C/√t, where C stands for the depth of carbonation
and t stands for years of use. The depth of carbonation is measured by applying phenolphthalein
solution to concrete cores following the instructions in JIS A 1152. The coefficient of air
permeability is calculated by the Torrent method (double chamber method). According to
previous investigations, the coefficient of air permeability increases when the coefficient of
carbonation increases. According to Figure 5, the results Vertical Derrick are within the range
of previous results.

Figure 5. Size of concrete flakes.

Figure 6. Cover thickness and rebar expose. (Tomotaka Ide, 2019)

1066

Kaiting Su, Kei-ichi Imamoto, Takafumi Noguchi, Manabu Kanematsu, Hitoshi Hamasaki, Kohji Teranishi,
Chizuru Kiyohara and Munenori Yamada

Figure 7. Relation between coefficient of air permeability and coefficient of carbonation.
(Akio Tanaka; Kei-ichi Imomoto, 2013).

4 Discussion
4.1 Flying Distance of Flakes
Figure 8 shows the number and horizontal flying distance of flakes of each direction. According
to Figure 8, concrete flakes mostly fell within the 7 meters range from the building. The height
of the building was 47 meters. For the flying distance of 7 meters, the falling degree was 21.7°
and the horizontal flying distance was 0.15 times the height of the building. Concrete flakes
that fell out of this range needs further discussion concerning the windswept condition of this
location. Table 2 shows the percentage of the spalling area of each direction. According to
Table 2, the percentages of spalling area are between 5~10%.
Table 2. Spalling percentage of each direction. (spalling/total area of each side of the wall).

West
9.91%

South
5.20%

North
9.35%

East
3.71%
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Figure 8. Number and horizontal flying distance of concrete flakes.

4.2 The Relation between Rainfall and Spalling
Figure 9 shows the percentage of wet area after rainfall. The percentages were calculated by
wet /total area of each side of the wall. The calculation of wet areas from photos involved the
image processing software, ImageJ. By circling the target areas, ImageJ automatically
calculated the pixels of the selected areas. The manual selection of the wet areas brought an
uncertainty to the results. To increase accuracy, image processing method should be further
discussed in future researches. According to the results, the north and the west side with higher
number of concrete flakes also showed higher percentage of the wet area. At this location, due
to northwest wind blew throughout the year, the north and the west side of the building were
more possible to be affected by rainfall than the south and the east side. This observation
indicates that there might be a relation between spalling and rainfall. The following equations
are proposed considering the relation between the two.
Coefficient of Rainfall = Percentage of Wet Area × Number of Days with Precipitation over 10mm (1)
Percentage of Spalling Area = Years after Carbonation reaches 25mm × Coefficient of Rainfall × (2)
Percentage of Cover Thickness Less than 25mm × α

Table 3 shows the results of the Coefficient of Rainfall and the empirical coefficient α by
applying equation (1) and (2) to the north and the south side. When the value of α is 0.006,
according to the Coefficient of Rainfall in Table 3, the estimated values of spalling area along
with measured spalling area are shown in Table 4.
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Table 3. Results of the coefficient of rainfall and the empirical coefficient α of the south and the north side.

Coefficient of Rainfall
α

West, 78% wet

South, 19% wet

South
1.231
0.0062

North
4.537
0.0012

North, 70% wet

East, 36% wet

Figure 9. Percentage of wet area (wet/total area of each side) after rainfall.
Table 4. The estimated value and measured value of spalling area of the east and the west side.

Percentage of Spalling Area
Estimated Value
Measured Value

East
3.63%
3.71%

West
5.45%
9.91%

5 Conclusions
Post peak behaviors of carbonated concrete structures are as follows.
-

Concrete spalling flakes increased by the rate of 200 pieces per year while the influence
of climate events was still unclear. The sizes of the flakes were around 10 cm in diameter.
The horizontal flying distance of concrete flakes were approximately 0.15 times the
height of the building.
The sides of the walls with higher proportion of concrete spalling also present higher
proportion of wet area during rainfall.
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Abstract. New thermoplastic polyolefin (TPO) roof membranes have been extensively
analyzed in laboratories, roof exposure farm fields, and under accelerated weathering
conditions. The ASTM International material standard specification for TPO membranes has
been regularly improved since its inception to incorporate more demanding tested-product
performance, including requirements for accelerated weathering and aging. Industry data
on the aged performance of TPO roof membranes to date has largely been based on
laboratory work, regional studies, and anecdotal case studies of TPO roofs, predominantly
those that have been improperly designed and/or installed, and membranes with retired
formulations that resulted in premature failure. Today, there are TPO roofs in the United
States that have been in service for nearly 20 years. This paper will review the long-term
performance of a large sampling of TPO roof membranes installed throughout the United
States by evaluating thickness, flexibility, inspection under 7X magnification, aged seam
strength, and repair weld adhesion. The intent of this study was to evaluate 1) field-aged TPO
roof membrane performance and 2) the ability to repair field-aged TPO roof membranes.
Keywords: TPO, FPO, Aged Performance, Field-Study, Long-Term Performance, Repairability.

1 Introduction
Flexible Polyolefin (FPO) roof membranes have been part of the European roofing market
since the late 1980’s. In the early 1990’s, this technology migrated to the United States as
Thermoplastic Polyolefin (TPO). FPO and TPO are the same polymer that use different
terminology in the European and United States markets, respectively, and will be referred to
as TPO throughout this paper.
TPO roof membranes are the fastest growing commercial roof membrane on the market,
and has grown significantly over the past 20 years. According to the European Single Ply
Waterproofing Association (ESWA), TPO is growing in market share, and according to the
Single Ply Roofing Institute, TPO represents almost half of the installed low-slope roofing in
the United States. The global TPO roof membrane market is expected to reach $2.2 billion by
2024, with a compound annual growth rate (CAGR) of 3.7-percent from 2019 to 2024
(ResearchAndMarkets, 2019).

doi:10.23967/dbmc.2020.219
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These membranes are now regarded as a mature technology with properties defined by the
ASTM International material standard for TPO membranes, ASTM D6878. These standards
have been improved since their inception to incorporate more demanding tested-product
performance, including stronger requirements for accelerated weathering and aging.
Today, there are TPO roofs that have been in service for over 20 years (ASTM D573;
Taylor and Xing, 2015). This paper reviews the long term performance of field-aged TPO
roof membranes to assess performance and the ability to repair aged TPO roof membranes.
Specifically addressed are known failure modes of some manufactured TPO membranes
which include erosion of the cap (thickness over scrim) down to the scrim and surface
cracking, as well as concerns surrounding the ability to repair aging TPO membranes.

2 Program
The intent of this study was to evaluate field-aged TPO roof membrane performance and the
ability to repair membranes as they age. Membrane samples were collected from roofs around
the United States that were at least 12 years in service. Roofs were selected to gain a general
sense of typical performance in various locations across the country. Most of the roofs
evaluated to date in this study were installed between 2005 and 2006; the oldest sample
reviewed to date was installed 18 years ago. All samples were from the same manufacturer
and were predominantly 45 and 60-mil (equivalent of 1.2 and 1.5 mm) smooth-back
membranes. Samples were taken from mechanically attached, induction welded, and adhered
roofs. Self-adhered membranes were excluded from this study.
2.1 Sample Selection
Each Samples approximately 60 cm by 90 cm (2-foot by 3-foot) and captured a field-welded
seam, were taken from the field of the roof and in a location that resulted in increased heat
exposure.
The large samples were cut into smaller pieces to evaluate membrane thickness, thickness
over scrim, brittleness, heat aging and weather resistance, ply adhesion of existing welds, and
ply adhesion of repair welds. Each test was conducted on five unique specimens from each
location on the roof.
2.2 Test Program
The testing program was built around ASTM D6878-19, with modifications as needed for
aged samples. The artificial aging tests were replaced with field aging for a minimum of 12
years. All tests were conducted in a commercial test laboratory. All data gathered was used in
the analysis.
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2.2.1 Membrane Thickness and Thickness of Coating Over Scrim
TPO membranes consist of two polymer layers of TPO, the cap and the core, which are
laminated together with a polyester reinforcing scrim in-between. Following ASTM D751 and
ASTMD7635/D7635M respectively, the overall membrane thickness and the thickness of the
coating over the scrim (or cap layer) was measured. This measurement was compared to the
current ASTM TPO standard requirements for new membranes to evaluate how they are
weathering.
2.2.2 Heat Aging and Weather Resistance
ASTM D6878-19 requires 56 days of heat aging or a radiant exposure of 10,080 kJ/(m2.nm)
prior to the mandrel bend and inspection. As the membrane samples were already aged, the
artificial UV and heat aging exposures were eliminated from the test protocol and the pass/fail
requirements were applied to the field aged materials.
Heat aging and weather resistance are evaluated per ASTM D573 and ASTM G151/G155
respectively, which includes an inspection at 7X magnification when bent over a 3-inch
diameter mandrel for surface cracking.
2.2.3 Low Temperature Flexibility
Low temperature flexibility or the brittleness point was evaluated per ASTM D2137, method
B. The specimens were examined at 5X magnification for any visible fracture or crack in the
cap layer after having bent the specimens to an angle of 180° in the same direction caused by
the test impact.
2.2.4 Aged Ply Adhesion
ASTM D1876, also referred to as the T-Peel Test, was used to evaluate the welded seam ply
adhesion. The ply adhesion values reported are the average of the maximum load values at
the initial break.
Ply adhesion testing of a proper weld will fail cohesively within one of the plies, exposing
the underlying scrim. This is called a “film tearing bond” and is also used to evaluate the
integrity of the weld. For the purposes of this evaluation, anything over 70-percent film
tearing bond was considered a proper weld.
2.2.5 Repair Ply Adhesion
New TPO membrane that was commensurate in type and thickness of the existing membrane,
was welded to the aged membrane to evaluate the ability to repair aged materials. Repairs
with new membrane welded to the cap of the aged membrane were evaluated, as well as new
material welded to the core (the underside) of the aged membrane. Ply adhesion to the core
was not evaluated for adhered membrane samples due to remnants of adhesive and/or facer
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from the insulation or cover board. Given the remnants attached to the underside of adhered
membranes, repairs to the core would not be reliable.

3 Data Analysis
Samples were taken from 20 different roofs across the United States (See Figure 1). Climatic
conditions of the United States cities were matched up with their European counterparts, and
are shown in Figure 2 to illustrate the approximate European climate equivalents captured in
this study. These roofs were installed over office buildings, manufacturing facilities, retail
outlets, libraries, automotive repair shops, warehouses, and a grocery store. All data gathered
was used in the analysis.

Figure 1. To date, samples have been
collected from 20 roofs across the United
States.

Figure 2. European climatic equivalent
locations to the samples collected across the
United States.

On average, a typical roof membrane in this study was installed between 2005 and 2006
has been exposed to 20 hail storms, over 50 feet of rain, over 500 days of 32°C+ (90°F+) and
wind gusts of up to 148 kph (92 mph). Specifically, the roof membrane from Orlando, Florida
has been exposed to the elements for over 17 years. This roof has weathered 9 hurricanes, 13
hail storms, 56 feet of rain, 1,660 days of 32°C+ (90°F+) and wind gusts of up to 169 kph
(105 mph). While the United States and European climates are somewhat comparable, the
wind gusts are more aggressive than what is typical in Europe.
3.1 Membrane Thickness and Thickness of Coating over Scrim
Retention of the cap material, i.e. the thickness over scrim, is critical to the membrane’s longterm performance as it provides the UV and heat stabilization properties of the membrane. As
the cap erodes, the scrim can become exposed and the weather tightness of the membrane is
then compromised.
The analysis of aged roof samples began with overall membrane thickness. ASTM
standard D6878-19 requires the as-produced membrane to be within +15%, -10% of stated
thickness, and not less than 39-mils. Even after 12 or more years of aging, all of the 45 and
60-mil (1.2mm and 1.5 mm equivalent) membrane samples complied with the current ASTM
requirements for newly manufactured TPO membranes.
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ASTM standard D6878-03, the active specification at the time the sampled roofs were
installed, required 12-mil (0.30mm) thickness over scrim. The current version of this standard
requires the thickness over scrim to be at least 30-percent of the overall membrane thickness
and not less than 18-mils (0.45mm). Both the 45 and 60-mil (1.2mm and 1.5 mm equivalent)
membranes analyzed in this study are still in compliance with the newly manufactured
membrane requirements and are even in compliance with the current standard ASTM D687819, with the thickness over scrim exceeding ASTM minimums and averaging 37- to 40percent of the nominal membrane thickness. The 45-mil (1.2mm) samples averaged 18-mils
(0.45mm) over scrim and the 60-mils (1.5mm) samples averaged 22-mils (0.56mm) over
scrim. It should be noted that the EN 13956-12 does not include thickness over scrim
measurements.
3.2 Heat Aging and Weather Resistance
Surface cracking was evaluated by visual inspection of the roof membranes at the time the
samples were collected, and through modified versions of heat aging and weather resistance
testing. Both ASTM tests require inspection at 7X magnification when bent over a 7.6mm (3inch) diameter mandrel. As the samples were field aged for a minimum of 12 years artificial
heat aging and weathering were eliminated, and a focus placed on visual assessment. This
evaluation is an important indicator of long term performance (Taylor and Xing, 2015).
Surface cracking can lead to quick deterioration of the membrane and is a good indicator of
long term performance concerns. All of the samples, both the 45 and 60-mil (1.2mm and
1.5mm equivalent) membranes, exhibited no signs of cracking when bent over the mandrel
and viewed at 7X magnification.
3.3 Low Temperature Flexibility
The aged roof samples were evaluated for low temperature flexibility to determine if the
membrane became more brittle and prone to cracking as it aged. ASTM standard D6878-19
requires new membranes to have a brittleness point of -40°C (-40°F) or lower. All of the 60mil (1.5mm) samples tested to date still met this requirement after 12 or more years of field
aging. The 45-mil (1.2mm) samples showed signs of cracking at -37°C (-35°F). While this is
still good performance and aged membranes cannot be expected to perform at the same level
as new membranes, the data does support the use of thicker membranes for longer term
performance.
3.4 Aged Ply Adhesion and Repair Ply Adhesion
The ply adhesion of the aged samples averaged approximately 8.76 N/mm (50 lbf/in.) for both
the 45 and 60-mil (1.2mm and 1.5mm equivalent) membranes, with a minimum of 70-percent
film tearing bond. Representative data are shown in Figure 14. Ply adhesion of TPO
membranes should be evaluated throughout the day during installation. The film tearing bond
sample is evaluated to confirm the membrane is properly welded together. If the sample fails
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and the scrim is not exposed, or the film tearing bond is not greater than 70-percent, the
contractor must adjust the heat and/or speed at which the welding equipment is being used.
While failures associated with welded seam delamination are not common, and poor welds
are generally identified during routine inspections during installation, ply adhesion is used as
a quality control tool in the field. However, there is not a clear industry consensus on the
minimum strength requirement to evaluate ply adhesion.
New TPO membrane samples included in a broad TPO sampling study of all industry
manufacturers conducted by Structural Research, Inc. (SRI) (Dupuis, 2019) averaged a ply
adhesion (T-Peel) value of 7.01 N/mm (40 lbf/in.), with a minimum value of 5.13 N/mm (29.3
lbf/in.) However previously, (Simmons et al., 1999) found that the ply adhesion tests typically
failed adhesively, meaning there was not a strong bond between the TPO layers, when the ply
adhesion was 4.55 N/mm (26 lbf/in.) or less. Simmons findings supports SRI’s minimum
value threshold for ply adhesion. The ply adhesion values of the aged TPO membranes were
15-percent above the average ply adhesion value from the SRI study on new TPO membranes.
Therefore, as expected, the aged welds appear to be performing well and are of adequate
strength. To address questions around the ability to repair aged TPO membranes, this study
examined the adhesion of new membrane to aged membrane. Two approaches were
examined; welding the new membrane to the cap of the aged membrane, and new membrane
welded to the core of the aged membrane.
The ply adhesion of the new membrane to the aged cap averaged 7.5 N/mm (43 lbf/in.) for
45-mil (1.2mm) membranes and 8.23 N/mm (47 lbf/in.) for 60-mil (1.5mm) membranes. For
the new membrane welded to the aged core, the ply adhesion averaged 9.28 N/mm (53 lbf/in.)
and 9.98 N/mm (57 lbf/in.) for the 45-mil and 60-mil (1.2mm and 1.5mm equivalent)
membranes, respectively.
The ply adhesion values of new repair membrane to the aged TPO membrane are above the
average ply adhesion value of 7.01 N/mm (40 lbf/in.) from the SRI study on new TPO
membranes. This provides validity to the integrity of repairs to aged TPO membranes and the
ongoing maintainability of these roofs.

4 Next Steps and Interim Conclusions
While this paper summarizes data from 20 different roofs from around the country, samples
will continue to be collected and analyzed. It is noted that all data received to date has been
included in this analysis. No data detrimental or otherwise has been excluded from the
analysis or findings.
The findings to date, as summarized in Figure 3, illustrate the robust performance of TPO
membranes as they age. Given the inherent flexibility and fungal resistance of TPO, and the
UV and heat stabilizers, this comes as no surprise. However, the ability to repair aged TPO
membranes has been undefined and anecdotal to date. The interim findings of this study
clearly demonstrate the weld integrity of properly executed repairs.
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While this study is focused on TPO membranes the United States, this evaluation only
strengthens the findings of previous studies on the durability and repairability of TPO roof
membranes in Europe.

Figure 3. Average findings from study to date for 45 and 60-mil (1.2mm and 1.5mm equivalent) membranes as
compared to ASTM D6878-19.

5 Conclusion
In summary, the aged TPO membrane roofs in this study are performing well and in most
instances, meeting the current ASTM D6878-19 requirements for newly manufactured
membranes.
-

-

Even after 12 or more years of aging, both the 45 and 60-mil (1.2mm and 1.5mm
equivalent) membranes analyzed in this study are still in compliance with these
newly-manufactured membrane requirements, with the thickness over scrim
averaging over 40-percent of the actual aged membrane thickness.
All of the samples, both the 45 and 60-mil (1.2mm and 1.5mm equivalent)
membranes, exhibited no signs of cracking when bent over the mandrel and
viewed at 7X magnification.
All of the 60-mil (1.5mm) samples tested to date still meet cold temperature
flexibility requirements of -40°C (-40°F) after 12 or more years of aging. The 45mil (1.2mm) samples showed signs of cracking at -37°C (-35°F).
Ply adhesion values of new repair membrane to the aged TPO membrane are
above the average for new TPO membranes. This provides some validity to the
integrity of properly executed repairs to aged TPO membranes.
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Abstract. During a rain event, most of the raindrops reaching the facade either splash back or

run off the exterior surface of the facade. However, it is evident that also a portion of the water
infiltrates through the open joints of a ventilated facade. The infiltrated water may either be
drained in the cavity to the bottom of the wall or reach the insulation layer. If there are any
deficiencies present in the insulation layer or at the connection of the brackets, the infiltrated
water might introduce problems. Additionally, if the cavity is not able to drain all the infiltrated
water or adhered droplets to one of the cavity surfaces do not dry out, moisture problems might
occur. Experiments were conducted to determine the infiltration rate through ventilated facades
with open joint widths of 5 mm, 10 mm and 15 mm and cavity widths ranging from 190 mm to
40 mm. It was observed that the amount of infiltrating water was larger for larger joints widths.
Due to the larger kinetic energy of the drops flowing through the larger joint widths, the drops
were able to reach the exterior surface of the insulation layer, even for large cavity widths. The
results from the experimental assessment were used as input parameters for hygrothermal
simulations to determine the risk of moisture problems.

Keywords: Water Infiltration, Drainage, Ventilated Facades, Moisture Loads.

1 Introduction
Ventilated facades are usually designed according to the open rainscreen principle to control
rainwater penetration (Garden, 1963). The external cladding, which usually consists of
independent facade panels, is supposed to keep out most of the rain. Evidently, also a portion
of the driving rain infiltrates through the open joints between the facade panels and reaches the
air cavity behind the external cladding. This cavity acts as a capillary break and drains the
infiltrated water to the bottom of the wall where it may flow back to the exterior through
drainage holes. The air barrier at the interior side of the facade restricts the airflow through the
wall. Combined with the open joints between the facade panels, the pressure difference over
the cladding is minimized. This reduces the pressure difference acting as one of the main driving
forces for water to infiltrate (Suresh Kumar, 2000). Other forces that may affect water
infiltration through joints are surface tension, capillarity, kinetic energy and gravity.
Experiments conducted by Mas et al., (Mas, Gutiérrez, Gil, Gil, and Galvan, 2011) revealed
that for joint widths larger than 8 mm, gravity and kinetic energy are the main forces driving
rain through the joints, capillarity and surface tension having less importance.
For the same weather conditions, the amount of infiltrating water depends on the geometry
of the joints and the material characteristics. When raindrops infiltrate, they are either drained
to the bottom of the wall or they may reach the drainage layer at the back of the cavity dependent
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on the cavity size and the geometry of the joints. If there are any deficiencies present at the
drainage layer or at the connection of the brackets, the infiltrated water might introduce
problems. Additionally, if the cavity is not able to drain all the infiltrated water or if adhered
water drops to one of the cavity surfaces do not dry out, moisture problems might occur.
However, the amount of experimental work that quantifies the portion of infiltrating water
through ventilated facades and the portion of water reaching the drainage layer at the back of
the cavity, is very limited.
Recatala et al., (2017) assessed the watertightness performance of a full-scale ventilated
facade specimen with joint widths of 10 mm. Laboratory experiments showed that the
airtightness level of the wall did not have an impact on the infiltration rates as pressure
moderation over the external cladding was achieved for both leaky and sealed constructions.
The applied spray rate, however, did have a significant impact on the infiltration rate. A
parabolic correlation was obtained between both parameters. It was observed that when a lot of
water was running down the external cladding, the water runoff film prevented driving rain
drops from infiltrating through the open joints and bounced and splashed off the surface instead.
The results also showed that the infiltration rate of water through the horizontal joints was
significantly larger than the infiltration rate through the vertical joints. Also the impact of the
horizontal joints on the amount of water reaching the drainage layer at the back of the cavity
was larger compared to the impact of vertical joints. The splattering effect of raindrops in the
joints and onto the brackets caused additional raindrops to reach the drainage layer. However,
most of the infiltrated water was drained to the bottom of the cavity. Only 0,54% of the
impinging water on the external cladding averagely reached the drainage layer which was
situated 10 cm behind the cladding panels. The ASHRAE standard 160 (2016), however,
proposes a default penetration rate of 1% deposited on the water-resistive-barrier. It is clear that
more research on the amount of rain that penetrates through various types of claddings and
different wall configurations is necessary.
The objective of this study is to assess the impact of the joint width and cavity size of a
ventilated facade specimen on the amount of water infiltrating through the joints and the amount
of water reaching the drainage layer at the back of the cavity. Additionally, the impact of a
panel installed out of plane of the exterior surface on the infiltration rate was assessed. The
results from the experimental assessment were used as input parameters for hygrothermal
simulations to determine the risk of moisture problems.

2 Test Setup and Methodology
2.1 Test Setup
The impact of joint width, cavity size and construction errors on the infiltration rates through
ventilated facades was evaluated by means of five test specimens. Each test specimen was
mounted in a steel frame with dimensions 2390 x 1070 mm and incorporated 24 fibre cement
boards. These boards were screwed onto vertical timber studs with a cross-section of 38 x 90
mm. The vertical studs were positioned at the vertical joints between the facade panels. Flashing
was applied between the studs and the facade panels as recommended by the manufacturer to
avoid water being absorbed by the wood studs. The vertical studs were affixed to a wood frame,
simulating the structural wall, by means of threaded rods. In between the vertical studs and the
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wood frame a PMMA panel was installed, simulating the drainage layer which in case of
ventilated facades usually is the insulation layer. The PMMA panel could be moved further
away or closer to the facade panels in order to vary the cavity width. The fibre cement boards
had a thickness of 8 mm and a width and length of 300 mm. The width of the boards at the sides
of the specimens was dependent on the applied joint width.

a

b

c

d

Figure 1. a) Cross section, b) Front view, c) Rear view of test setup 2, d) Detailed cross section gutter system.

The specimens evaluated by Recatala et al., (2017) had a joint width of 10 mm. The same
width was chosen as the standard joint width in this study. Additionally, a joint width of 5 mm
was evaluated, as Mas et al., (2011) stated that the impact of surface tension and capillarity
increased for joint widths smaller than 8 mm. The largest evaluated joint width was 15 mm.
The smallest evaluated cavity width was 40 mm as this was the combined thickness of the
vertical studs and the flashing. The largest evaluated cavity width was 190 mm as it was
observed that no significant differences were measured for a cavity width of 160 mm and
190 mm.
Three gutters were installed at the bottom of each specimen: gutter A collected the water
which flowed downward at the exterior side of the facade panels during the test or splashed
back up to 45 mm in front of the panels, gutter B collected the water which flowed downward
at the back of the facade panels, the vertical studs and in the drainage cavity, and gutter C
collected the water which flowed downward at the PMMA panel and up to 30 mm in front of
the panel. In case a cavity width of 40 mm was applied, gutter B only collected the water that
ran off the interior side of the facade panels and gutter C collected the remaining portion of
water that reached the cavity.
2.2 Test Procedure
Water was sprayed onto the test specimens by means of a spraying rack with full cone nozzles
which were installed at the top of the specimens and at a horizontal distance of 250 mm. A
constant spray rate of 120 l/h was applied. No pressure difference was applied to the external
cladding as Recatala (2017) already observed that pressure equalization was achieved for both
leaky and sealed specimens. The water collected by the gutters was weighed both during and
after the test by means of weighing scales with an accuracy of ± 0,1 g. Water was sprayed for
400 seconds or until the infiltration rate for all gutters was constant for a significant amount of
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time. The pattern of water droplets which adhered to the PMMA panel after the test was visually
evaluated. The repeatability of the test procedure was evaluated by conducting the same
experiment at least two times.

3 Experimental Results and Discussion
3.1 Impact of Joint and Cavity Width

Collected water [%]

Figure 2 shows the percentage of water collected by gutter A, B and C relative to the total
amount of collected water. The tests were conducted for different cavity widths ranging from 4
cm to 19 cm and joint widths of 5 mm, 10 mm and 15 mm for respectively specimen 1, 2 and
3. As the timber studs were situated at the vertical joints, the collected water only infiltrated
through the open horizontal joints.
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Figure 2. Percentage of water collected by gutter A, B and C for all specimens and different cavity widths.

The total amount of infiltrated water through the open joints is collected by gutter B and C
at the bottom of each specimen for different cavity widths. Figure 2 shows that the percentage
of infiltrated water through specimen 1 with a joint width of 5 mm (9,48% ± 1,13%) is
significantly smaller than the percentage of infiltrated water through both specimen 2 (40,30%
± 5,89%) and 3 (45,15% ± 4,29%) with respective joint widths of 10 and 15 mm. Raindrops
may either infiltrate due to kinetic energy, gravity, surface tension or capillarity. Also some
drops might stagnate on top of the facade panels. In case other drops impinge on these
stagnating drops, water may infiltrate due to splattering. Raindrops may also bounce on top of
the facade panels or splash open. The larger percentage of infiltrated water through larger joint
widths implies that more raindrops are able to flow freely through the larger joints and therefore
the kinetic energy of the water drops has a larger impact on the infiltration rates. In case of
smaller joint widths (5 mm) the effect of capillarity and surface tension becomes more
important and water bridging of the joint is observed at some locations. Water drops are no
longer able to flow freely through the joints and splatter onto the occluded joints, significantly
reducing the infiltration rate. The increase in infiltration percentage from 10 mm joint widths
to 15 mm joint widths, however, is not significant.
The reduced impact of kinetic energy on the infiltration rate for smaller joint widths is also
apparent when the amount of water reaching the back of the cavity and collected by gutter C is
compared for the different specimens. For specimen 1 with a joint width of 5 mm, water reaches
the back of the drainage cavity for cavity widths of 7 cm and smaller (2,05% of collected

1082

Stéphanie Van Linden and Nathan Van Den Bossche

water). In contrast, water was already collected in gutter C for specimen 2 with a cavity width
of 10 cm (0,88% of collected water) and for specimen 3 even for cavity widths of 19 cm (0,82%
of total collected water). For a cavity width of 5 cm and 4 cm, a constant water runoff was
visible at the PMMA panel for both specimen 2 and 3. In case of a cavity width of 4 cm, 18,71%
and 14,80% of the total amount of collected water was collected by gutter C for respectively
specimen 2 and 3. For specimen 1, no runoff was present for these cavity widths at the PMMA
panel, only some drops reached the panel, in particular at the height of the spraying rack. The
collected water in gutter C of specimen 1 was mainly attributed to water running off the vertical
studs instead of water reaching the PMMA panel.
The results obtained by Recatala et al. (2017) are within the same order of magnitude as the
results obtained in this study. For a cavity width of 10 cm and a joint width of 10 mm Recatala
measured an infiltration rate at the drainage layer of 0,0029 l/min.m, compared to an infiltration
rate of 0,0024 l/min.m in this study.
3.2 Impact of Construction Errors

Collected water [%]

Figure 3 shows the percentage of water collected by gutter A, B and C for specimens 2, 4 and
5. Specimen 4 and 5 incorporated one facade panel installed respectively 5 mm and 10 mm out
of the exterior plane. The joint width applied to all specimens was 10 mm. The tests were
conducted for cavity widths of 4, 8 and 12 cm.
100%
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Figure 3. Percentage of water collected for specimen 2 (no error), specimen 4 (5 mm error) and specimen 5 (10
mm error) at different cavity widths.

Although a larger opening was present through which water could infiltrate freely due to the
out of plane installed panels, only a small increase in the percentage of infiltrated water was
measured. As the panel of specimen 4 was only installed 5 mm out of plane and the total
thickness of the facade panels was 8 mm, there was still an overlap between the other panels
and the panel out of plane. This prevented downward flowing drops from infiltrating due to
gravity. Water drops instead bounced, splashed or stagnated on the top of the out of plane
installed panel, with only a small increase of the infiltrated water as a result. When the panel
was installed 10 mm out of plane (specimen 5), downward flowing water drops were able to
infiltrate due to gravity. As the panels were installed vertically out of plane, however, these
infiltrated drops were able to flow further down along the exterior surface of the underlying
panel. Due to the larger horizontally oriented open joint, water drops could flow more freely
through the opening and due to kinetic energy they were able to reach further into the cavity
resulting in larger percentages of water collected in gutter C of specimen 5.

1083

Stéphanie Van Linden and Nathan Van Den Bossche

4 Hygrothermal Evaluation
As observed in the laboratory experiments, water drops are able to infiltrate through the open
joints of ventilated facades and reach the insulation layer. In case a small cavity width is applied
and deficiencies are present at the insulation layer, e.g. an open joint between two insulation
panels, raindrops are able to flow through this open joint. These raindrops can either stagnate
on top of the insulation panel and dry out again or flow further inward and reach the brick layer
of the wall. This might cause mould growth or a reduced thermal performance of the insulation.
The risk of both phenomena was assessed by means of the hygrothermal simulations. A
common used ventilated facade construction in Belgium was modelled in WUFI PRO 5.3. A
worst-case scenario was simulated, i.e. a small cavity width of 40 mm was applied and it was
assumed that all infiltrating water reached the brick layer behind the insulation. The
construction had a south-west orientation and a height up to 10 m. The material properties used
in the simulations can be found in Table 1. The simulations start at October 1st and run for a
period of 3 years. A time step of 1 hour was applied.
Table 1. Material properties (based on WUFI material database).
Material
Eternit Duripanel A2
Air layer
Isover GW Integra ZFK - 032
Solid Brick, extruded
Interior Plaster (Gypsum
Plaster)

t
(mm)
8
40
100
140

ρ
(kg/m3)
1326
1,3
32,5
1650

Cp
(J/kgK)
1500
1000
840
850

λdry
(W/mK)
0,4
0,23
0,032
0,6

Wsat
(kg/m3)
345
473
370

w80
(kg/m3)
119,5
0,82
9,2

10

850

850

0,2

400

6,3

Porosity
0,345
0,999
0,950
0,410
0,650

4.1 Risk of Mould Growth
In case raindrops are able to reach the brick layer of the wall assembly, the raindrops will be
absorbed by the brick. High infiltration rates combined with drying out to the inside of the wall
can possibly cause mould growth at the interior surface of the wall assembly.
The risk of mould growth is assessed by means of the isopleth model by Sedlbauer which is
implemented in WUFI. The isopleth curves separate favourable from unfavourable temperature
and relative humidity conditions for mould growth for different substrate groups (Sedlbauer,
2001). A moisture source was implemented in the brick layer of the modelled wall assembly.
In case 15% of the driving rain reaches the brick layer and the air change rate in the air cavity
is 10 h-1, some data points are situated above the LIM I curve of Sedlbauer, meaning that there
is a risk of mould growth for biologically recyclable materials. If the infiltration percentage is
increased to 20% of the driving rain, the limiting isopleth for biologically adverse recyclable
building materials (LIM II) is exceeded for a longer period and the risk of mould growth at the
interior surface is significant. The results from the experimental study showed the highest
infiltration percentages (collected by gutter C) for a ventilated facade with a joint width of 10
mm and a cavity width of 4 cm, i.e. 18,71%. However, in reality only a portion of the infiltrated
water will reach the insulation layer and a small percentage will infiltrate toward the brick layer.
It can therefore be stated that the risk of mould growth is limited for the assessed ventilated
facade.

1084

Stéphanie Van Linden and Nathan Van Den Bossche

If the air change rate is increased from 10 h-1 to 1000 h-1, the limiting isopleth for
biologically adverse recyclable building materials is still exceeded for an infiltration percentage
of 20%. This implies that in case raindrops are able to reach the brick layer behind the
insulation, increasing the air change rate only has a limited impact on the mould growth.

(a
)

(b)

Figure 4. Isopleths on the interior surface, (a) infiltration percentage of 15% and (b) infiltration percentage of
20%.

4.2 Impact on Heat Flux
As the thermal conductivity of the insulation is moisture-dependent, infiltrating water in the
wall assembly will have an impact on the heat losses through the wall assembly. As insulation
is a non-hygroscopic material, raindrops infiltrating through deficiencies in the insulation layer,
will either dry out or flow further inward. In case of a worst-case scenario, infiltrating raindrops
might reach the brick layer behind the insulation. The drops will then be absorbed by the brick
and accumulation of moisture can occur, increasing the relative humidity over the wall
assembly. This may cause moisture to condensate at the cold side of the insulation which will
reduce the thermal performance of the insulation.
Table 2. Impact of infiltration percentage in brick layer on air change rate on heat flux at interior surface.
Infiltration percentage [%]
ACH
No moisture source
1
5
10
15
20

Heat flux [MJ/m2] per year
10 h-1
100 h-1
500 h-1
96,56
97,68
99,23
99,74
100,93
102,55
112,30
114,22
116,14
129,30
129,97
132,36
149,60
144,00
147,05
172,92
154,46
158,22

Increase relative to no moisture
10 h-1
100 h-1
500 h-1
0%
0%
0%
3,29%
4,00%
3,35%
16,66%
20,38%
17,04%
33,91%
39,79%
33,38%
54,93%
57,07%
48,19%
79,08%
69,97%
59,45%

In case a moisture source of 1% of the driving rain is implemented in the middle of the brick
layer, an increase of 3,29% of the heat flux at the interior surface is measured compared to the
case with no moisture source. This increase in total heat flux is primarily attributed to the
increase of the latent heat flow associated with vapour diffusion at the surface. In case the latent
heat flow is excluded, the increase in heat flux is 0,04% for a moisture source of 1% of the
driving rain. In case a moisture source of 10% of the driving rain is applied, an increase of the
total heat flux at the interior surface of 34,62% is measured. Excluding the latent heat flow, the
moisture source causes an increase of the total heat flux of 3,41%. In case of a moisture source
of 10% of the driving rain, the insulation layer still dries out over a period of one year. In case
however, a moisture source of 15% of the driving rain is applied, i.e. all the infiltrating water
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reaches the brick layer behind the insulation, the water in the insulation layer does not evaporate
over a period of 1 year and instead accumulates. Increasing the air change rate in the air cavity
in front of the insulation, increases the air velocity at the insulation layer, resulting in an
improved drying of the wet insulation and therefore a reduction of the heat flux.

5

Conclusions

An experimental study was conducted to assess the impact of the joint width and the cavity size
of a ventilated facade specimen on the amount of water infiltrating through the open joints and
the amount of water reaching the drainage layer at the back of the cavity. Additionally, the
impact of a panel installed out of plane of the exterior surface on the infiltration rate was
assessed. The results from the experimental assessment were used as input parameters for
hygrothermal simulations to determine the risk of moisture problems.
The experimental study showed that the infiltration percentage of raindrops through open
joints of 5 mm (9,48% ± 1,13%) was significantly smaller compared to the infiltration
percentage through joints of 10 mm (40,30% ± 5,89%). Raindrops infiltrating through the 5
mm joints of the ventilated facade reached the drainage layer and up to 3 cm in front of the
drainage layer for cavity widths of 7 cm and smaller. For joint widths of 10 mm and 15 mm
however, water was already collected 3 cm in front of the drainage layer for cavity widths of
respectively 10 cm and 19 cm and a runoff film was present at the drainage layer for cavity
widths of 4 and 5 cm. Hygrothermal simulations showed that the risk of mould growth at the
interior surface of a ventilated wall assembly is limited for the measured infiltration
percentages. The impact on the heat flux at the interior surface is however, significant, in case
a cavity of 40 mm is assumed and all infiltrating water reaches the brick layer at the interior
side of the wall through deficiencies in the insulation layer. An infiltration percentage of 1% of
the driving rain in the brick layer and an air change rate of 10 h-1, causes an increase of the heat
flux of 3,29%. This increase in heat flux is primarily attributed to the latent heat flow associated
with vapour diffusion at the surface. In case of an infiltration percentage of 10%, the increase
in heat flux measures 34,62% and 3,41% excluding the latent heat flow.
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Abstract. In this study, the comparison of lava sand, pumice, and natural zeolite as lightweight
aggregate in air lime mortars, natural hydraulic lime mortars, and cement-lime mortars has been
investigated with emphasis on the resistance of salt and ice crystallization. The lava sand and pumice
improved frost resistance of the mortars while natural zeolite mortars remained without this effect due
to their high water absorption. Salt crystallization resistance of the mortars was improved by using
lava sand and natural pumice, while the mortars with natural zeolite were not resistant to
crystallization of sodium chloride. The mortars have relatively little resistance to the reacting of
Na2SO4, where gypsum and calcium sulfoaluminates were formed breaking the structure of the
mortars. The best results were obtained using natural pumice.
Keywords: Lime Mortar, Natural Zeolite, Pumice, Lava Sand, Salt and Ice Crystallization Resistance.

1 Introduction
The protection of historic buildings requires the use of traditional building materials
compatible with the historical ones or as close to them as possible. Air lime mortars are not
suitable for use in the moist environment because of their non-hydraulic properties and low
frost resistance. The use of renders made of natural hydraulic lime (NHL) is therefore often
preferred for renovation purposes, although lime–cement mortars are also accepted (PachecoTorgal et al., 2012). Significant change of air lime mortars properties can be achieved by
addition of pozzolanic admixtures or aggregates with pozzolanic properties. In the past, the
most used ones were natural pozzolanic materials such as crushed bricks, ceramic, volcanic
ash, scoria, pumice, which are still many times mentioned in conservation mortar works
(Henry et al., 2012; Matias et al., 2014; Moropoulou et al., 2005; Sánchez-Moral et al., 2005;
Silva et al., 2010). Porous aggregate with pozzolanic properties can improve not only the
mechanical properties of mortars, but also their ability to salt accumulation from masonry,
frost resistance, and liquid water transport to the mortar surface. The use of natural
lightweight aggregates such as lava sand, pumice, or natural zeolite is quite common in
concrete, however their utilization in lime mortars is still scarce (Barnat-Hunek et al., 2017;
Ferraz et al., 2014; Lemougna et al., 2018).
In this study, the comparison of lava sand, pumice, and natural zeolite as lightweight
aggregate in air lime mortars, natural hydraulic lime mortars, and cement-lime mortars has
been investigated with emphasis on the resistance of salt and ice crystallization. The strength
characteristics, pore structure and capillary water action of natural zeolite mortars and lava
sand mortars, respectively, have already been investigated (Vyšvařil et al., 2019, Vyšvařil et
al., 2019) with the conclusion that both natural aggregates positively affect the mortar
strength, increase their porosity by forming coarse pores and facilitate water capillarity.

doi:10.23967/dbmc.2020.121
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2 Materials and Methodology
A commercial hydrated lime CL90-S (Čertovy Schody, Inc., Lhoist group, Tmaň, Czech
Republic), a natural hydraulic lime NHL 3.5 (Zement- und Kalkwerke Otterbein GmbH &
Co. KG, Großenlüder, Germany), and a laboratory prepared blend of CL90-S and Portland
cement CEM I 42.5 R (Českomoravský cement Inc., Mokrá, Czech Republic) were used as
binders in prepared 3 groups of mortar mixes. Each mortars group consisted of reference
samples made of quartz sand (Filtrační písky, Ltd., Chlum u Doks, CZ), and 3 types of
samples with different natural lightweight aggregate (0/2 mm), fully replacing quartz sand,
namely, natural zeolite (ACRE, Ltd., CZ), lava sand (Der Naturstein Garten, Hillscheid, DE),
and natural pumice (Der Naturstein Garten, Hillscheid, DE). The chemical composition of all
raw materials is given in Table 1. The phase compositions obtained by the X-ray diffraction
analysis are presented in Table 2. Particle size distribution and loose bulk density of the
aggregates are shown in author`s previous publication (Vyšvařil et al., 2019).
Table 1. Chemical composition of initial materials (mass%).

Lime
NHL
3.5
Cement
Quartz
sand
Natural
zeolite
Lava
sand
Pumice

SiO2

Al2O3

Fe2O3

CaO

MgO

K2 O

Na2O

MnO

TiO2

SO3

L.O.I.

0.92

0.71

0.39

68.09

1.33

0.48

0.11

0.03

0.10

0.19

27.94

12.76

4.12

1.47

59.87

2.79

1.13

0.09

0.04

0.05

0.15

15.28

21.26

5.08

3.64

61.48

0.86

0.91

0.12

0.44

0.29

2.42

4.17

98.50

0.38

0.15

0.01

0.03

0.09

0.01

0.01

0.09

0.02

0.12

67.46

11.73

1.37

2.84

0.73

3.02

0.50

0.16

0.17

0.01

11.57

43.20

13.54

10.73

11.93

8.82

2.81

3.76

1.77

2.63

0.05

0.40

62.13

17.50

4.45

1.57

0.99

3.90

5.97

2.54

0.65

0.08

0.72

Mortar mixtures were made using the correct amount of water required to obtain a normal
consistency and a good workability of the mortars (160 ± 5 mm; measured by the flow table
test). This consistency of lime mortars enables their easy application and good adhesion to the
substrate. The proportioning of the mortar mixtures is given in Table 3. The composition of
mortar mixtures considers constant binder:aggregate volume ratio of 1:1.15 based on a
practical point of view supported by the results obtained by Lanas et al. (2003). Fresh
mixtures were cast into prismatic moulds of size 40 × 40 × 160 mm. Standard conditions of
sample storage were 22 ± 2 °C and relative humidity of 50 ± 5%.
The water absorption of mortars was measured according to EN 13755:2008 after curing
times of 28 d. Three mortar specimens were used to conduct the test. The total porosity of the
specimens was assessed using a mercury intrusion porosimetry (MIP). Frost resistance tests
were carried out according to modified Czech standard ČSN 722452. The samples were tested
after 28 curing days. The total test required 15 freeze-thaw cycles. One cycle consisted of 6 h
freezing at −20 °C and 12 h thawing in a desiccator at constant relative humidity of 98 % and
temperature of 20 °C. The frost resistance coefficient Df was determined as the ratio of
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flexural strength of specimens subjected to 15 freeze-thaw cycles to the flexural strength of
reference specimens that did not undergo the frost resistance test. The salt crystallization
resistance of mortars was determined using following solutions: 10% Na2SO4, 3% NaCl, and
3% NH4NO3. The dried samples were immersed into the solutions for 7 h and then dried for
16.5 h at 60 °C. The process was performed in the number of 10 cycles or till the partial
disintegration of the samples. The procedure was performed according to the relevant
European standard (EN 12370:1999). The state of the test specimens was monitored
photographically, and detailed microstructure images were taken via a scanning electron
microscope (SEM) equipped with EDX probe. The content of anions in aqueous leaches of
the samples was determined by routine chemical analyses (10 g of mortar sample, 500 ml of
deionized H2O). Sulfates were set gravimetrically according to ISO 9280:1990, chlorides by
mercurimetric method (ISO 5790:1979), and nitrates using Nitratax sc optical probe allowing
the determination of nitrates directly in the medium.
Table 2. Mineralogical composition of initial materials (mass%).

Mineral
Alite
Aluminate
Albite
Anorthite
Larnite
Biotite
Brownmillerite
Brucite
Calcite
Chlorite
Clinoptilolite
Clinopyroxene
Cristobalite
Diopside
Ferroenstatite
Gypsum
Hematite
Hornblende
Magnetite
Microcline
Leucite
Nepheline
Portlandite
Quartz
Sanidine
Staurolite
Tridymite
Amorphous phases

Lime

NHL 3.5

Cement

−
–
–
–
−
–
–
0.5
1.8
–
–
–
–
–
–
–
−
–
–
−
−
–
97.1
−
−
−
–
−

–
2.7
–
–
22.5
–
1.4
–
6.2
–
–
–
–
–
–
–
–
–
–
–
–
–
41.3
–
–
–
–
25.1

50.6
3.9
–
–
4.9
–
8.6
–
–
–
–
–
–
–
–
3.8
–
–
–
–
–
–
–
–
–
–
–
28.4

Quartz
sand
−
–
–
–
−
–
–
–
−
–
–
–
–
–
–
–
–
–
–
0.4
–
–
−
97.9
−
1.1
–
–

Natural
zeolite
–
–
7.7
–
–
1.3
–
–
–
–
50.0
–
17.5
–
–
–
–
–
–
–
–
–
–
–
–
–
1.9
20.4

Lava
sand
–
–
–
–
–
0.8
–
–
–
–
–
17.0
–
24.8
–
–
5.7
1.5
–
–
9.9
9.7
–
1.9
11.2
–
–
17.1

Pumice
–
–
–
19.7
–
0.8
–
–
–
1.0
–
–
–
1.9
4.7
–
–
–
0.3
–
–
–
–
22.5
–
–
–
48.5
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Table 3. Composition of mortar mixtures.

Mixture
L-ref
L-NZ
L-LS
L-Pu
NHL-ref
NHL-NZ
NHL-LS
NHL-Pu
LC-ref
LC-NZ
LC-LS
LC-Pu

Lime NHL 3.5 Cement
(g)
(g)
(g)
100
–
–
100
–
–
100
–
–
100
–
–
–
100
–
–
100
–
–
100
–
–
100
–
50
–
50
50
–
50
50
–
50
50
–
50

Quartz
sand (g)
400
–
–
–
340
–
–
–
280
–
–
–

Natural
zeolite (g)
–
245
–
–
–
210
–
–
–
175
–
–

Lava Pumice
sand (g)
(g)
–
–
–
–
340
–
–
235
–
–
–
–
285
–
–
200
–
–
–
–
240
–
–
165

H2 O
(ml)
120
155
115
135
75
115
80
105
70
105
70
95

3 Results and Discussion
3.1 Total Porosity and Water Absorption
Since the resistance and durability of lime mortars is very dependent on their pore structure,
the total porosity of the mortars (obtained by MIP) and the water absorption has been
determined before the resistance tests (Figure 1). The increasing total porosity of the mortars
corresponds to the decreasing loose bulk density of the lightweight aggregate (Vyšvařil et al.,
2019), therefore the mortars with the lightest pumice aggregate (-Pu) showed the highest total
porosity, which can be potentially beneficial for salt and ice crystallization resistance of these
mortars.

Figure 1. Total porosity and water absorption of mortar samples.
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The type of lightweight aggregate had a great influence on the water absorption of mortars.
Above all, the open porous structure of the aggregate and its water-binding capacity plays an
important role in water absorption, which is especially evident when using natural zeolite.
This is also obvious from the high dosages of mixing water required to achieve the desired
consistency of these mortars (Table 3).
3.2 Frost Resistance
Determination of frost resistance of mortars according to ČSN 72 2452 is a test of alternating
freezing and thawing of water-saturated mortar beams in the number of 15 cycles. Due to the
saturation of the samples with water, air lime mortars usually break up in this test before the
completed 15 cycles. In this study, all tested mixtures withstood 15 freeze-thaw cycles and it
was possible to determine their flexural tensile strengths and subsequently evaluate the frost
resistance coefficients, Df (Figure 2). The frost resistance of mortars increased with increasing
porosity of the samples, except for natural zeolite mortars, where the huge water-binding
capacity led to a decrease in the frost resistance. Only NHL-Pu, LC-ref, LC-LS, and LC-Pu
mortars exceeded the frost resistance coefficient of 0.75 and thus met the frost resistance
criterion. In general, replacement of quartz sand with natural lightweight aggregate has led to
a substantial improvement in the frost resistance of mortars (except natural zeolite); the best
results were obtained using natural pumice.

Figure 2. Frost resistance coefficient of mortar samples (red line – standard frost resistance criterion).

3.3 Salt Crystallization Resistance
The content of anions in aqueous leaches of the samples before and after salt crystallization
resistance test is presented in Table 4 together with the sequence of the decay cycle. The
results show that the concentration of the monitored anions in the samples after treatment with
saline solutions increased more than 100 times; mostly in pumice samples, which also best
resisted crystallization of the salts used. Thus, it has been confirmed that increased porosity is
a good prerequisite for higher ability to salt accumulation and mortar resistance to salt
crystallization. Table 4 shows that the mortars with NZ are not resistant to crystallization of
sodium chloride. All mortar samples were also broken down after several crystallization
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cycles of sodium sulfate, where gypsum with high molar volume are formed. The NHL and
LC mortars break down in the sodium sulphate solution earlier due to the presence of the
aluminate phase and the formation of bulkily calcium sulfoaluminates (monosulfate and
ettringite) breaking the structure of the mortar.
Table 4. Concentrations of monitored anions in aqueous leaches of mortar samples before (cg0) and after (cg) salt
crystallization resistance test, and number of test cycles to sample disintegration (10 = intact sample).

Mixture
L-ref
L-NZ
L-LS
L-Pu
NHL-ref
NHL-NZ
NHL-LS
NHL-Pu
LC-ref
LC-NZ
LC-LS
LC-Pu

cg0 SO42- cg0 Cl(g kg-1) (g kg-1)
0.103
0.083
0.089
0.084
0.087
0.069
0.074
0.063
1.733
1.165
0.589
0.658

0.055
0.040
0.054
0.099
0.049
0.039
0.047
0.079
0.043
0.038
0.040
0.069

cg0 NO3- cg SO42cg Cl- cg NO3-1
-1
(g kg ) (g kg ) (g kg-1) (g kg-1)
0.487
0.323
0.445
0.550
0.408
0.273
0.373
0.466
0.401
0.255
0.321
0.440

21.04
36.43
24.88
33.57
36.44
50.56
40.73
44.79
22.45
45.03
30.78
36.37

7.73
26.20
22.81
31.42
9.85
19.93
14.28
23.64
23.50
23.90
26.63
25.39

19.85
32.11
36.18
39.38
10.43
28.85
31.76
38.16
20.25
29.57
34.73
41.52

Cycle
count in
Na2SO4
6
9
7
8
4
7
4
6
4
5
6
7

Cycle
Cycle
count in count in
NaCl NH4NO3
10
10
8
10
10
10
10
10
10
10
8
10
10
10
10
10
10
10
10
10
10
10
10
10

The microstructure of mortar samples was determined before and after the salt
crystallization resistance test. Microstructure images of NZ mortar samples were selected for
presentation due to the largest differences between them (Figure 3). The images show that the
structure of the L-NZ sample prior to the salt crystallization resistance test was relatively
compact. After Na2SO4 treatment, the formation of crystalline neoplasms, namely plateshaped hexagonal crystals of monosulfate and needle-like ettringite, was enormous, while the
structure became more porous. Natural zeolite acted as an aluminum source for the formation
of sulfoaluminate phases. Despite the higher aluminum content in the mortars with NZ
aggregates compared to the reference samples and thus easier formation of the aluminate
phases, the samples disintegrated later, probably due to higher porosity of these samples. In
the case of NH4NO3, no products of relevant degradation reactions were observed in the
microstructure of mortars, only calcite recrystallization occurred during each cycles of
treatment, which is represented in the SEM image in the form of a large number of sharpedged calcite crystals. The structure remained relatively close. Treatment with NaCl solution
resulted in a very porous mortar structure for both the L-NZ sample (Figure 3, d) and the
NHL-NZ sample (Figure 3, e). The poor resistance of lime mortars with natural zeolite to
NaCl crystallization is likely due to leaching of the binder from the mortar structure, since no
degradation reaction products have been observed in these mortars. For comparison, the
microstructure of the LC-NZ sample, which is much more compact and characterized by the
presence of amorphous CSH gel and ettringite needles, is also shown in Figure 3. This sample
remained intact after NaCl treatment.
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Figure 3. SEM images of L-NZ sample before salt crystallization resistance test (a), after 8 cycles in Na2SO4 (b),
after 10 cycles in NH4NO3 (c), after 6 cycles in NaCl (d), NHL-NZ sample after 7 cycles in NaCl (e), LC-NZ
sample after 10 cycles in NaCl (f).

4 Conclusions
-

-

All lightweight aggregates increased the total porosity of mortars in accordance with
their decreasing loose bulk density. Enhanced total porosity appears to be beneficial
for salt and ice crystallization resistance of the mortars.
Full replacement of quartz sand with natural lightweight aggregate has led to a
considerable improvement in the frost resistance of mortars (except natural zeolite);
the best results were obtained using natural pumice.
Salt crystallization resistance of the mortars was improved by using lava sand and
natural pumice, while the mortars with natural zeolite were not resistant to
crystallization of sodium chloride. The mortars have relatively little resistance to the
reacting of Na2SO4, where gypsum and calcium sulfoaluminates were formed breaking
the structure of the mortars.
In terms of salt and ice crystallization resistance, natural pumice seems to be the most
suitable natural lightweight aggregate for lime mortars.
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Abstract. The use of waste in civil-engineering products, such as concrete and asphalt mixes, is a very
effective strategy for reducing high consumption levels of Natural Aggregates (NA) in the construction
sector. In this research, rejected precast concrete elements of high compressive strength are studied,
following their crushing for use as a high quality Recycled Concrete Aggregate (RCA) in the
manufacture of Self-Compacting Concrete (SCC). High volumes of this waste stream are employed in
the mixture, completely replacing the coarse fraction of the natural aggregate (100% replacement rate)
and half of the fine fraction (50% replacement rate). Once hardened, samples of the recycled SCC are
exposed to several aggressive external agents, in order to evaluate their performance and durability in
aggressive environments. Behavioral tests on the concrete in the presence of the most frequent
aggressive agents in the surrounding environment demonstrated that the SCC containing RCA was
resistant to freeze/thaw and moist/dry cycles, and sulphate attack, according to the results obtained in
4, 3 and 2 samples respectively, and of sufficient durability for use in structural concrete components.
Keywords: Self-Compacting Concrete, Recycled Concrete Aggregate, Freeze/Thaw Test, Moist/Dry
Test, Sulphate Attack Test.

1 Introduction
Modern-day society currently faces two immense environmental problems: climate change and
the lack of natural resources (IPCC, 2014). Climate change is mainly due to the emission of
greenhouse gases, resulting from a wide range of collective human actions related to
manufacturing, transport, and energy production. High consumption in some areas of natural
resources has led to shortages over recent years, as expanding populations need continual
development of technology and infrastructure.
The construction sector is a major contributor to these problems (Sandanayake et al., 2019):
the cement industry emits high volumes of CO2 (Maddalena et al., 2018) and many other
construction activities have a high carbon footprint (Noh et al., 2018). Aggregate consumption
in asphalt mixes, and concretes is also very high, in the order of 80% and 95% by volume.
(CESCE, 2018). According to the Asociación Nacional de Empresarios Fabricantes de Áridos
(ANEFA) [National Association of Aggregate Manufacturers of Spain], in 2017, 112 million
tons of aggregates were consumed in Spain (ANEFA, 2018). The sector therefore has some
responsibility to contribute to the reduction of these problems.
.
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Aggregate substitution in several materials, including concrete, by different types of waste,
such as rubber, slag, and even Recycled Concrete Aggregate (RCA), is an area of study that has
opened several research lines (Busic et al., 2018; Safiuddin et al., 2013; Verian et al., 2018).
Hence, the use of RCA in this study is evaluated for the manufacture of concrete.
The mechanical performance of vibrated concrete with RCA is well-known: RCA, especially
the fine fraction, decreases compressive strength (Evangelista et al., 2014; Silva et al., 2015).
Durability is also affected, because of the high porosity of the attached mortar, which raises
permeability levels and the entry of external agents (Guo et al., 2018).
Self-Compacting Concrete (SCC) is of greater fluidity, so its porosity is lower. RCA can
even improve its durability and enhance some other properties (Boudali et al., 2016; PereiraDe-Oliveira et al., 2014). The RCA effect on mechanical properties will not change due to selfcompactability (Fiol et al., 2018; Grdic et al., 2010). Nevertheless, there is a scarcity of studies
on precise definitions of the RCA effect.
In line with the above, the durability of an SCC design consisting of 100% coarse RCA and
50% by volume of fine RCA will be evaluated in this research. This concrete underwent three
tests: behavior during freeze/thaw and moist/dry cycles, and resistance to sulphate attack,
demonstrating its performance when exposed to highly aggressive environmental agents.

2 Materials
Three types of materials were employed: RCA, natural aggregates (NA), and non-aggregate.
CEM I 52.5 R with a density of 3.1 kg/dm3 was employed as a non-aggregate material. Water
was obtained from the mains water supply system of Burgos. Two admixtures were also used:
a viscosity adjuster (called admixture 1) and a superplasticizer (called admixture 2). Previous
studies showed that, if the amount of water is optimal, the quantity of these admixtures will
range between 0.5-1.5% of the cement weight (Fiol et al., 2018).
Only the fine NA fractions were used. Siliceous sand with a density of 2.58 kg/dm3 and a
24h water absorption of 0.25% was used. In addition, SCC requires a large fines content for
acceptable flowability, so limestone sand 0/1.2mm (density of 2.62 kg/dm3 and a 24h water
absorption of 2.08%) and limestone filler <0.063 mm (density of 2.77 kg/dm3) were used.
The RCA consisted of rejected precast elements with a characteristic compressive strength
of 40-45 MPa prior to crushing. The crushed RCA was sized between 0 and 30 mm, for which
reason it was screened to obtain the desired fractions: the fine fraction 0/4 mm (density of 2.37
kg/dm3 and 24h water absorption of 7.36%) and the coarse fraction 4/12.5 mm (density of 2.42
kg/dm3 and 24h water absorption of 6.25%). Particles larger than 12.5 mm were discarded,
because they were considered too large to make an SCC.
The appearance of the aggregate and their granulometry are shown in Figure 1 and Figure 2.
(a)

(b)

(c)

(d)

(e)

Figure 1. Appearance of the aggregates used for the manufacture of the SCC: a) Limestone filler <0.063 mm; b)
Siliceous sand 0/4 mm; c) Limestone sand 0/1.2 mm; d) Coarse RCA 4/12.5 mm; e) Fine RCA 0/4 mm.
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Figure 2. Aggregate granulometry.

3 Mix-Design
The SCC under evaluation was designed with the materials detailed in the preceding section
and labelled SCC-I-50/100-D.
The dosage of the SCC was designed, so that neither segregation nor exudation would affect
the final SCC and so that it would have an SF2 slump-flow class (maximum diameter between
650 and 750 mm). Design by trial and error began with a very common dosage in the precast
cement component industry as the initial dosage. The results of a slump-flow test, norm EN
12350-8 (EN-Euronorm.), suggested adjustments to the proportions of the materials in a second
stage. The process of trial and error was repeated several times (third dosage, forth one…) until
the definitive optimal dosage was obtained: 296 kg/m3 of cement, 122 kg/m3 of filler, 183 kg/m3
of water, 522 kg/m3 of coarse RCA, 570 kg/m3 of fine RCA, 343 kg/m3 of siliceous sand 0/4
mm, 215 kg/m3 of limestone sand 0/1.2 mm, 2.20 kg/m3 of admixture 1, and 4.35 kg/m3 of
admixture 2. In Figure 3, some slump-flow trials during the design process can be observed.
(a)

(b)

(c)

(d)

Figure 3. Dosages by trial and error during the development of the SCC: a) Initial dosage; b) Dosage with high
segregation in the central area: c) Dosage with minimal segregation in the central area; d) Optimal dosage.

4 In-Fresh State Behavior
The slump flow test is insufficient in itself to ensure optimal SCC flowability and further
characterization of the in-fresh state behavior is necessary (EFNARC, 2002).
• The slump flow test was performed first (EN 12350-8). A diameter of 500 mm was
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•
•
•

achieved in 4 s, being the maximum diameter 720 mm (SF2 slump-flow class).
Viscosity was measured by the time it took the SCC mix to pass through a V-funnel
(EN 12350-9), which took 7s (viscosity class VF1, time under 8s).
The 2-bar L-box test (EN 12350-10) measured the passing ability of the SCC. The
quotient between the maximum and the minimum height was 0.97 (passing-ability class
PA1, quotient greater than 0.80 and 2-bar L-box).
The sieve segregation test (EN 12350-11) assessed the segregation resistance. The result
obtained was 0.41% (SR2 class, segregation lower than 15%).

5 Compressive Strength
Compressive strength at different ages was measured, to guarantee its structural suitability. Two
specimens were tested at each age (1, 7 and 28 days),
At 1 day, the normalized sample already had a high compressive strength (28 MPa, 61.4%
of 28-days strength). Increased strength over the first seven days was very fast (84.0% of the
final strength was reached at 28 days, 38.3 MPa). After three weeks, the compressive strength
increase slowed down, reaching 45.6 MPa at 28 days. The SCC could therefore be suitable for
precast elements (compressive strength greater than 45MPa).

6 Durability
Three durability tests were performed as part of the analysis of the effects of aggressive external
agents: freeze/thaw and moist/dry test cycles, and sulphate attack. All the tests began on the
same day. 10 cm-side cubic samples cured over 30 days were used. On first day of the tests,
the compressive strength, measured on two cubic samples, was 47.61 MPa on average, which
subsequently became the reference for any quantifiable decrease in compressive strength.
6.1 Freeze/Thaw Test
Freeze/thaw tests were performed according to UNE-CEN/TS-12390-9-EX (2008) (CEN).
Four 10 cm-side cubic samples were introduced into a container full of water with 3% by mass
of NaCl and subjected to 56 freeze/thaw cycles. In each 24h cycle, the container was exposed
to 16h of freezing at a temperature of -15ºC and to 8h of thawing in water at 20ºC. Any loose
materials were removed every 10 cycles and the specimens were then dried and weighed. Figure
4 shows the loss of mass and, Figure 5, the initial and final state of the test specimens.

Figure 4. Loss of mass over freeze/thaw test. Average loss of mass at the end of the test: 14.23%.
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(a)

(b)

Figure 5. Freeze/thaw test: A) Initial state; B) Final state.

In addition to loss of mass, Ultrasonic Pulse Velocity (UPV), an indirect measure of
compressive strength, was evaluated both before and after the test. The strength was also
measured after the test. All the results are shown in Table 1.
Table 1. Freeze/thaw test. Results related to UPV and compressive strength.
Test/Sample

Sample 1

UPV before the test (km/s)
3.95
UPV after the test (km/s)
3.13
Comp. strength after the test (MPa)
37.06
UPV average variation (%): -14.67%

Standard
deviation
0.20
3.57
3.72
3.51
3.69
0.09
3.11
3.28
3.07
3.15
7.12
20.94
32.62
34.46
31.27
Comp. strength average variation (%): -34.32%

Sample 2 Sample 3 Sample 4 Average

The decrease in compressive strength was high, unlike the loss of mass. A decrease that
could be due to the increased volume of water that expanded when frozen, opening internal
micro-voids in the mortar that had adhered to the aggregate (a process that the mortar assists,
because of its high porosity). It all caused a sharp decrease in compressive strength.
6.2 Moist/Dry Test
This test was performed by adapting the test in the ASTM D 559 standard (ASTM-International,
2008) that simulates the effects of rain and subsequent drying by solar radiation on concrete.
Fundamentally, the thermal shock inflicted during the changeover from a wet to a dry situation.
To do so, three 10 cm-side cubic specimens were subjected to 30 24-hour cycles, which
consisted of full immersion in water at a temperature between 18ºC and 22ºC, over 16h,
followed by oven drying for 8h at 60ºC.
The external appearance of each sample after the test is shown in Figure 6. Every 10 cycles,
each specimen was weighed and its UPV was measured, a parameter that had also been
measured before the beginning of the test. When the trial ended, the samples were tested to
compressive strength. The results obtained can be seen in Table 2.

Figure 6. Moist/dry test. Final state of the samples.
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Table 2. Results of moist/dry test.

Test/Sample

Standard
deviation
Initial mass (g)
2,068.8
2,189.1
2,094.1
2,117.33
63.42
Mass after 10 cycles (g)
2,043.5
2,152.0
2,047.1
2,080.87
61.63
Mass after 20 cycles (g)
2,022.2
2,146.3
2,044.8
2,071.10
66.10
Mass after the test, 30 cycles (g)
2015.8
2,140.0
2,043.9
2,066.57
65.13
UPV before the test (km/s)
3.72
3.79
3.64
3.71
0.08
UPV after the test (km/s)
2.60
2.65
2.56
2.60
0.04
Comp. strength after the test (MPa)
35.00
32.92
32.17
33.36
1.47
Mass average variation (%): -2.40%
UPV average variation (%): -29.87%
Compressive strength average variation (%): -29.93%
Sample 1

Sample 2

Sample 3

Average

The external appearance (without appreciable changes except the increased number of
external voids on sample Nª3) and the loss of mass showed no visible change in the concrete.
However, the compressive strength and the UPV showed significant changes at a microscopic
level. Both changes could be explained by the appearance of larger internal micro voids than in
the freeze/thaw test. Nevertheless, the decrease in compressive strength was very similar in
both the moist/dry test and the freeze/thaw test. It appears that the large number of micro voids
in the moist/dry test was compensated by the negligible loss of mass.
6.3 Sulphate Attack Test
This test was performed according to the ASTM C 1012 standard (ASTM-International, 2008),
in which the concrete is exposed to sodium sulphate decahydrate that crystallizes within the
sample, thereby increasing its volume. Each of the 15 24-hours cycles consisted of a 5-hour
immersion in water with 14% by mass of Na2SO4·10H2O, oven drying for 17h at 60ºC and
cooling at room temperature (23ºC) for 2h.
The final appearance of the two specimens tested is shown in Figure 7. No visible change
was detected, except discoloration in the form of darkening, due to sodium sulphate
precipitation. Before and after the trial the samples were weighed, the length of their sides was
measured (in order to determine the expansion of concrete by the absorption and crystallization
of the salt) and the UPV was determined. In addition, both specimens were tested to
compressive strength. All the results are indicated in Table 3.
Table 3. Sulphate attack test. Individual and average results.

Test/Sample
Initial mass (g)
Final mass (g)
Initial average side length (mm.)
Final average side length (mm.)
UPV before the test (km/s)
UPV after the test (km/s)
Compressive strength after the test (MPa)
Mass average variation (%): -0.48%
UPV average variation (%): -16.62%

1100

Sample 1 Sample 2 Average Standard deviation
2,098.8
2,199.2 2,149.0
70.99
2,083.9
2,193.3 2,138.6
77.36
100.11
100.33
100.22
0.16
100.13
100.34
100.24
0.15
3.69
3.58
3.64
0.08
3.38
2.63
3.01
0.53
41.44
35.68
38.56
4.07
Side expansion (%): +0.02%
Comp. strength average variation (%): -19.01%
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Figure 7. Sulphate attack test. Final state of the samples.

Neither the variation in either mass or length nor in the external appearance of the concrete
samples showed relevant changes. The only noticeable effect was the reduction in compressive
strength and the logical decrease in UPV. Nevertheless, compressive strength was less effected
by the sulphates than by consequences of exposure to water in the moist/dry test. This difference
can be explained by the high flowability of SCC, which implies that the concrete had a very
low number of small-sized surface pores in the hardened state. Hence, the penetration of higher
density solutions within the concrete was less likely, because water with no salt solutions
penetrates with greater ease through surface pores than a sulphate solution, meaning that the
sulphate effect would be lower towards the interior of the sample.

7 Conclusions
The following conclusions can be drawn from the study reported in this paper:
- Correct dosage design of an SCC with large amounts of both coarse and fine RCA will
result in high flowability in the fresh state and a high compressive strength.
- A good design will mean that the SCC with RCA can be used in environments with
aggressive external agents, with high precipitation and frequent frosts. These agents
adversely affect the properties of the concrete, although the affections are not critical.
- The durability of the SCC exposed to aggressive external agents is linked to their
external porosity. In other words, the greater the ease with which the external agent
penetrates within the concrete, the worse the effect of those agents on the concrete.
- The concrete samples showed uniform behavior in all the tests, with similar results for
all specimens, although those test results can vary depending on the surface finish. The
homogeneity and workability of the mix was optimal when the specimens were
manufactured, clearly demonstrating the uniform behavior and the durability of this
SCC concrete for use in structural elements. This conclusion is based on the results
obtained on four specimens in the freeze/thaw test, on three samples in the moist/dry
test and two specimens in the sulphate attack test.
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Abstract. This paper is the study of sulfate attack resistance of reactive powder concrete (RPC). RPC
that is also known as ultra-high performance concrete is a special type of concrete material obtained
when fine powders like silica fume (SF) are added into the concrete mortar along with very low waterto-binder ratio (w/b). SF is a pozzolanic material obtained as a by-product of silicon metal or
ferrosilicon alloys production. In this study, total 6 different RPC mixtures with various w/b (0.18, 0.22
and 0.26) and various SF content were studied. SF was added into the concrete mixtures in the amount
of 15%, 20% and 25% of cement by weight. The other testing parameter includes 3 different
concentrations of sodium sulfate (Na2SO4) solutions (0.35 M, 0.7 M and 1.4 M concentrations). Broad
laboratory investigations of behavior of the RPC mixtures were conducted in terms of compressive
strength and mass gain of cubes (50×50×50 mm3) and expansion and mass change as in accordance
with ASTM C1012. Test results had been analyzed and assessed by Taguchi method. The significance
level of experimental parameters was determined by using Analysis of variance (ANOVA) method.
According to statistical and analytical results it was observed that RPC has high sulfate attack
resistance. Moreover, addition of optimal amount of SF into the RPC mixtures as well as decreasing
w/b can significantly improve Na2SO4 resistance of RPC.
Keywords: Reactive Powder Concrete, Taguchi Method, Silica Fume, Sulfate Attack Resistance.

1 Introduction
Sustainable development concept has recently become one of the most important topics in the
construction industry. Moreover, development of alternative sources of energy in the face of
energy crisis due to limited natural resources is foremost issue of the industry. Compressed air
energy storage system incorporated into pile foundation system of the apartment building is
proposed as a viable alternative to accumulating excess energy from solar panels installed on
the building during the off-peak hours to be able to use it during the increased demand periods
(Tulebekova et al., 2017, Zhang et al., 2018). Hence, complex structural and internal loading
conditions require the piles to be made of superior performance material such as ultra-high
performance concrete (Tulebekova et al., 2019). Reactive Powder Concrete (RPC) is a type of
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ultra-high performance concrete that is obtained by removing coarse aggregates from and
addition of pozzolanic materials like silica fume (SF) to the concrete along with very low waterto-binder ratio (w/b) (Sun et al., 2015). RPC has a densified microstructure that is attributed to
the removal of coarse aggregates and the pozzolanic reaction that lead to the formation of strong
bonds in interfacial transition zone due to the increased formation of strong calcium silicate
hydrate lattices (Beglarigale and Yazıcı, 2015). It was investigated that the optimization of SF
content and w/b results in the RPC with very high compressive and tensile strength (Ahmad et
al., 2015; Bektimirova et al., 2018). Moreover, compressive strength of RPC could be increased
further by optimization of packing degree of small aggregate (Ji et al., 2011, Bektimirova et al.,
2020). Nevertheless, RPC is a relatively new type of concrete material, and its durability
properties is still an ongoing topic of research.
External sulfate attack (ESA) is a concrete durability issue arising from the migration of
sulfate ions from surrounding soils into the concrete structure, resulting in the series of chemical
reactions and physical processes that cause irrecoverable damage to material (Marchand et al.,
2003). Even though the exact mechanism of sulfate attack is still questionable, it is agreed that
the physical damage in the material occurs through the formation of expansive products such
as gypsum and ettringite (Tixier and Mobasher, 2003) that leads to dimensional expansion and
mass gain of the specimen. Expansive products form in the cracks in the microstructure of
concrete and exert pressures that could be sustained by the pore spaces in the material (Ikumi
et al., 2019). However, the extensive or prolonged formation of expansive products might lead
to the irreclaimable damage to concrete microstructure causing material degradation, loss of
cohesiveness and strength (Gu et al., 2019). Although Haufe and Vollpracht (2019) reported
that RPC has moderate to high resistance to ESA due to its improved microstructure and
reduced porosity, little data are available on the ESA resistance of RPC.
In this study, the ESA resistance of different RPC mixtures was investigated. SF content
w/b, and concentration of sodium sulfate (Na2SO4) solution were selected as primary factors to
influence on the compressive strength and expansion of the RPC mixtures exposed to the ESA
environment by Taguchi method. Analysis of variance (ANOVA) was used to assess the
significance level of experimental parameters.

2 Experimental Program
2.1 Materials
Ordinary Portland cement (ASTM type I) and SF with specific gravities 3.15 and 2.22
correspondingly were used as binder materials in this study. The chemical composition of
cement and SF is provided in Table 1. Locally available quartz sand with specific gravity 2.4,
absorption capacity of 6.2% was used as a fine aggregate for the RPC mixtures.
Liquid superplasticizer (SP) Master Glenium ACE 430 with specific gravity 1.02, and
ordinary tap water were used in RPC mixing.
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Table 1. Chemical composition of binders.

Components
CaO [%]
SiO2 [%]
Al2O3 [%]
Fe2O3 [%]
SO3 [%]
MgO [%]
K2O [%]
Loss on Ignition [%]

Cement
65.91
21.55
5.55
4.7
1.9
1.46
0.35
0.49

SF
0.22
97.54
0.2
0.06
2.08

2.2 Mixture Proportion and Levels of Evaluation Variables
The experiments were designed to analyze the influence of various w/b, SF content, and sulfate
concentration on the compressive strength and expansion of RPC. Mixture proportioning of
RPC mixtures was completed using the absolute volume method. The details of mixture
proportion are provided in Table 2.
Table 2. Mixture proportion of RPC (kg/m3).

No.
1
2
3
4
5

Mixture ID
0.18WB20SF
0.22WB20SF
0.26WB20SF
0.22WB15SF
0.22WB25SF

WB

SF

Cement

SF

Sand

Water

SP [% of
binder]

0.18

20

1000

200

903

216

2

0.22

20

1000

200

788

264

1.5

0.26

20

1000

200

673

312

1.5

0.22

15

1043

157

802

264

1.5

0.22

25

960

240

776

264

1.5

The Taguchi statistical analysis method was used to determine the optimal mixture that will
have the maximum compressive strength and the highest ESA resistance which is determined
by the lowest expansion and mass gain during the exposure. Taguchi analysis was performed
for 3 factors at a time with 3 levels each. Thus, 2 sets of analyses were performed: first one for
w/b, second one for SF content, while sulfate concentration and exposure time were factors of
analysis for both sets. Factors and levels of Taguchi analysis are shown in Table 3.
Table 3. Levels of the variables in the experimental program.

Factors
w/b
SF content
Na2SO4 concentration
Time of exposure

Level 1
0.18
15
0.35
1 week

Level 2
0.22
20
0.7
4 weeks

Level 3
0.26
25
1.4
13 weeks
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2.3 Casting, Curing and Maintaining the Samples
Mixing RPC was completed in pan type mixer with total mixing time of 9±1 min. Immediately
after mixing was complete, RPC was placed into the molds: 50 x 50 x 50 mm cube mold as
required in ASTM C109 for compressive strength test; and, 25 x 25 x 250 mm prism molds as
required by ASTM C1012 for length and mass change test. RPC specimens were cured for 24
hours in molds covered by plastic sheets to avoid water evaporation, after which they were
placed into the Na2SO4 solution where they were stored until the test date.
2.4 Test Methods
The length and mass change tests of RPC were performed in accordance with ASTM C 1012
and ASTM C490 on the same samples. Accuracy of digital length comparator and digital scales
used for measurements of length and mass change are ±0.0001 mm and ±0.001 g
correspondingly. The compressive strength test of RPC was conducted in accordance with
ASTM C109.
A number of samples are varied from mixture to mixture: 4-8 samples. To achieve better
statistical reliability, outliers had been removed from calculated data as in accordance with
ASTM E178. The test set up is provided in Figures 1 (a) and 1 (b).

a)

(a)
b)

Figure 1. Test setup: (a) length change test; (b) compressive strength test.

3 Results and Discussion
3.1 Statistical Analysis
General Linear Model of analysis of variance (ANOVA) was used to observe statistically
important parameters of experiments. Furthermore, to assess the contribution percentage of
each parameter to the compressive strength, length and mass change, P-value was used: smaller
P-value indicates more affective parameter in the concrete performance characteristics (Lin et
al., 2000). The results of ANOVA for both sets of w/b-concentration-time and SF contentconcentration-time are shown in Table 5.
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Table 5. Results of ANOVA for w/b-concentration-time set and SF content-concentration-time set.

Source

SS

w/b
conc
time

48
329.4
4731.02

w/b
conc
time

0.002954
0.000478
0.000484

w/b
conc
time

6.1525
1.1562
0.8825

MS

F

P-Value Source

SS

MS

ANOVA for Compressive Strength of RPC
24
0.31 0.735
SF
472.6
236.29
164.7
2.15 0.143
conc
143.4
71.72
2365.51 30.86 0
time
4090.2 2045.12
ANOVA for Length Change of RPC
SF
0.001477 41.65
0
0.001211 0.000605
0.000239 6.74
0.006 conc 0.000404 0.000202
0.000242 6.82
0.006 time 0.000353 0.000177
ANOVA for Mass Change of RPC
SF
3.07624 41.31
0
0.3926
0.1963
0.57808 7.76
0.003 conc
2.604
1.302
0.44127 5.93
0.01 time
1.0554 0.52768

F

PValue

2.16
0.65
18.67

0.142
0.53
0

19.76
6.59
5.77

0
0.006
0.011

7.22
47.89
19.41

0.004
0
0

According to Table 5, time is the most important parameter for compressive strength in both
sets of experiments while length change is controlled by w/b and SF factors in w/bconcentration-time and SF content-concentration-time sets respectively. Mass change is also
influenced mostly by w/b in w/b-concentration-time set; nevertheless, in SF contentconcentration-time set it is affected by time and concentration factors. Hence, it is possible to
suggest that time of exposure and RPC mixture content play more important role in ESA
resistance of RPC.
3.2 Taguchi Analysis
The “smaller is better” Taguchi’s quality loss function for compressive strength, length, and
mass change of RPC was used to determine the optimal conditions for both w/b-concentrationtime and SF content-concentration-time sets. The loss function is transferred further into utility
function called Signal-to-Noise ratio (S/N) developed by Taguchi. S/N allows to identify
performance characteristic deviating from desired value (Rahimi et al., 2016). Noise factor is
any factor that causes deviation from targeted value for measurable product or process
characteristics. Minitab statistical software was used for the statistical analysis of the results
which are discussed in following sections.
3.2.1

Compressive strength

The main goal of every experiment is to determine the highest possible S/N value that will
indicate that random effects of the noise factors are negligible compared to that of the signal.
Fig. 2 shows the S/N ratio of compressive strength for w/b-concentration-time and SFconcentration-time sets.
As presented in Fig. 2, the minimum variation in compressive strength was obtained for the
RPC containing w/b=0.26 and SF=25 %. Fig. 2 also shows that optimal values of concentration
and curing time are 0.35M and 1-week in both w/b-concentration-time and SF contentconcentration-time sets. In fact, compressive strength of RPC generally tends to decrease with
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increasing the concentration of Na2SO4 solution: The higher concentration of Na2SO4 solution,
the more deterioration of in RPC performance. It is possible to observe from Fig. 2 that 1.4M
Na2SO4 solution not only has lower S/N ratio, but also has more damaging effect on
compressive strength than 0.7M solution. This result may be attributed to stoichiometry of
chemical reaction occurring during the sulfate attack exposure of concrete: As the concentration
of Na2SO4 solution increases, more sulfate ions penetrate in to the specimen, consequently
leading to more deteriorative cracks inside specimen and the reduction of the strength.
a)

b)

Figure 2. Main effects plots for SN ratios (Compressive strength): (a) w/b-concentration-time set; (b) SF
content-concentration-time set.

3.2.2

Length and Mass change

Fig. 3 shows the S/N ratio of length change for two sets of experiments. According to Fig. 3
(a), the minimum variation of length change is created by w/b=0.18 at 0.35M Na2SO4
concentration at 1-week exposure. According to Fig. 2 (b) SF content=25 has the most stable
reading.
a)

b)

Figure 3. Main effects plots for SN ratios (Length change): (a) w/b-concentration-time set; (b) SF contentconcentration-time set.

Fig. 4 shows the S/N ratio of mass change for two sets of experiments. Accordingly S/N
ratios of mass change show the same trends as for length change for both sets of experiments.
The reason is possibly that the same samples were used for both measurements. Furthermore,
expansion of RPC exposed to sulfate attack result in both mass gain and elongation of the
sample. Thus, formation and accommodation of expansive products in the RPC internal
structure is indicated by the mass gain of the samples. Moreover, the process of accommodation
of expansive products (ettringite formation) leads to internal cracking resulting in the expansion
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of concrete. Hence, it appears to be logical that both length and mass change measurements
show similar statistical behavior as it is observed by Taguchi analysis in this study.
a)

b)

Figure 4. Main effects plots for SN ratios (Mass change): (a) w/b-concentration-time set; (b) SF contentconcentration-time set.

4 Conclusion
Sulfate attack is an important durability problem of concrete structures exposed to groundwaters
containing sulfate ions as in case of pile foundations. RPC is a relatively new type of material
that has superior durability and mechanical characteristics. This study statistically analyzed
sulfate attack resistance of RPC in two sets of influence factors. Accordingly, the following
conclusions can be made:
- The ANOVA analysis showed that compressive strength of RPC exposed to Na2SO4
environment is influenced by time factor for both sets of experiment; while length and
mass change are mostly affected by the RPC mixture content (w/b and SF content) and
time of exposure.
- Based on Taguchi analysis, it is possible to suggest that optimal w/b=0.18 and optimal
SF content=25 % for all three performance characteristics, namely compressive
strength, length and mass change.
In conclusion, RPC appears to have high resistance to sulfate attack; however, this study is
limited by the statistical analysis of standard test methods. Thus, more comprehensive study of
sulfate attack resistance of RPC considering temperature effect and other types of sulfate
solution may be needed to assess the resistance of RPC to sulfate attack incorporated with
statistical analysis.
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Study on the Practical Use of Urea to Reduce Drying Shrinkage
of Concrete by Spraying Urea Solution under Cold Environment
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Abstract. Concrete cracking caused by drying shrinkage adversely affects the durability of a structure.
The results of past research has shown that drying shrinkage can be reduced by adding urea as an
admixture to the concrete. However, mixing various admixtures at the factory increases the costs for
equipment and labor. To reduce drying shrinkage more easily and inexpensively, the urea solution can
be applied to the concrete surface by soaking or brushing. However, urea solutions are not suitable for
use in cold weather because urea in solution crystallizes at low temperatures. This study attempted to
solve this problem by mixing antifreeze, which resists freezing, with a urea solution. It was found that
the crystallization temperature of urea can be lowered by mixing the urea solution the antifreeze.
Furthermore, it was confirmed that the antifreeze/urea solution reduced drying shrinkage for both
mortar and concrete.
Keywords: Urea Solution, Drying Shrinkage, Soaking, Antifreeze, Cold Weather.

1 Introduction
Concrete cracking caused by drying shrinkage adversely affects the durability of a structure.
Adding urea to concrete is an effective method for reducing drying shrinkage1). However, in
ready-mixed concrete factories in Japan, adding various admixture materials to concrete will
increase equipment and labor costs. Moreover, drying shrinkage occurs mainly on the surface
of concrete, so applying an agent to the surface is more efficient and economical. This paper
describes a method of applying urea solution to the surface of concrete after demolding that
efficiently and economically reduces drying shrinkage.

2 Past Achievements
In previous studies, specimens soaked in a urea solution had less drying shrinkage than
untreated specimens (Figure 1). Moreover, the amount of drying shrinkage continue to fall as
the soaking time increased2). However, soaking concrete in a urea solution of site is not practical,
so an experiment was conducted in which urea solution was brushed onto the surface of the
concrete. It was found that the brushing method provide an equal or greater effect on drying
shrinkage as soaking3).
On the other hand, the specimens had higher compressive strength after soaking in a urea
solution, as shown in Figure 2. Moreover, the strength increased as the soaking time increased.
These results were likely due to the urea solution entering the concrete and the urea
recrystallizing in the voids. The expansion pressure from the urea crystals helped to reduce the
drying shrinkage and increase the compressive strength. The water retention effect of the urea
crystals may also prevent the dissipation of moisture inside the concrete, which also helped to
suppressing drying.
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Figure 1. Drying shrinkage reduction.

Figure 2. Result of compressive strength test.

3 Applying Antifreeze in Cold Weather
3.1 Outline
Previous studies have shown that applying a urea solution to concrete helps to reduce drying
shrinkage. However, the solubility of urea decreases at lower temperatures, causing the urea in
the water to crystallize and separate out. In cold weather, the urea crystallizes before the solution
can be applied to the concrete, thereby reducing the solution’s effect on drying shrinkage. To
prevent the crystallization of the urea in the solution at low temperatures, antifreeze with
freezing resistance was added to the solution. This lowered the crystallization temperature,
allowing the urea solution to be used in cold weather.
3.2 Crystallization Temperature of Urea When Antifreeze is Mixed at Different Rates
The freezing resistance property of the antifreeze can be varied by adjusting its concentration
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in the urea solution. Therefore, this study investigated the effect of different concentrations of
antifreeze on the crystallization temperature of urea in a solution.
3.2.1 Antifreeze mix solution
In this test, a commercially available antifreeze used for air conditioner or refrigeration facility
was used. The main component of this antifreeze is ethylene glycol. In order to produce
different freezing temperatures, the ratio of antifreeze to water were set to 3:7, 4:6 and 5:5
(Figure 3). Moreover, in order to make comparisons with a urea solution containing the
maximum amount of urea that can dissolve in water at 20 (°C), the maximum amount of urea
that can dissolve at 20 (°C) was added to the antifreeze solution.











Figure 3. Freezing point of antifreeze.

Photo 1. Antifreeze concentrations in a solution.

3.2.2 Test method
Photograph 1 shows the different antifreeze concentrations in a urea solution. First, solutions
with different antifreeze concentrations were placed in transparent containers. Next, the
temperature of the solutions was lowered by immersing the containers in ice water. Using a
thermometer, the crystallization temperature (the temperature at which urea crystals formed)
was measured.
3.2.3 Test result
As shown in Table 1, the crystallization temperature decreased as the concentration of antifreeze
increased. Therefore, it was considered that antifreeze solutions can be applied to concrete in
cold weather to reduce drying shrinkage.
Table 1. Crystallization temperature of urea.



Name
Antifreeze 30%
Antifreeze 40%
Antifreeze 50%
Urea solution

Component (mass ratio)
Antifreeze : Water : Urea
3:7:8
4:6:7
5 : 5 : 6.5
0:1:1

Crystallization
temperature (°C)
5
4
1
8

3.3 Effect of a 30 % Antifreeze Solution on Shrinkage Reduction in Mortar
3.3.1 Materials
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Table 2 shows the materials used in this test.
3.3.2 Mix condition
Table 3 shows the mixing conditions and the properties of the fresh mortar. The target values
were 200 ± 20 mm for 15 strokes flow, 2.0 ± 1.5 % for the air volume.
3.3.3 Mixing method
For mixing, an omni type mixer with a nominal capacity of 10 liters was used. First, cement
and sand were mixed for 15 seconds. Next, water was added and mixed for 60 seconds. Finally,
the mortar was discharged.
Table 2. Materials.

Symbol Density
g/cm3
W
1.00

Type

Name

Water

Tap water

Binder

Ordinary Portland cement

C

3.16

Sand

River sand
(F.M.: 2.61,Warer absorption rate : 1.94)

S

2.61

Gravel

Crushed stone
(F.M.: 2.62,Water absorption rate : 0.75)

G

2.62

SP

1.00

U
AF

1.32
1.03

Admixture
Chemical
materials

Poly-carboxylic acid-based
high-performance air-entraining and water
reducing admixture
Industrial urea
Antifreeze

Table 3. Mixing condition and properties of fresh mortar.



W/C (%)

S/C

50

2.3

Unit quantity(kg/m3)
W
C
S
293
550
1247

Air volume(%)
2.4

Flow
(mm)
220

3.3.4 Test items
(1) 15 strokes flow test
The 15 stroke flow test was carried out in accordance with ISO 679 2009.
(2) Air volume test
The air volume test was carried out in accordance with ISO 1920-2 2016.
(3) Drying shrinkage test
The drying shrinkage test was carried out in accordance with ISO 1920-8. Figure 4 shows the
method used for this test. Prismatic specimens (40 × 40 × 160 mm) were made for this test. The
specimens were demolded one day after mixing, and this day was taken as day 0 for the start of
air curing. The specimens were cured in a room at a constant temperature of 20 ± 3 (°C) and 60
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± 5 % relative humidity and changes in length and mass were measured. Next, some specimens
were soaked in a 30% antifreeze solution for 1 minute, 10 minutes, and 30 minutes (Table 1).
Other specimens were not soaked. Changes in the length and mass of all of the specimens were
measured for 91 days.

Mixing

Drying material age (day)
0 day
3 days
Demolding
and start of
Soaking
the test

91 days
The end of
the test

Air curing





Figure 4. Method used for drying shrinkage test.

3.3.5 Test results
The results of the drying shrinkage test of mortar show that the specimens soaked in a 30%
antifreeze solution exhibited a greater drying shrinkage effect than the specimens that were not
soaked (Fig. 5). Moreover, the effect became larger as the soaking time increased.







Figure 5. Drying shrinkage test of mortar.

3.4 Concrete Soaked in 30 % Antifreeze Solution


Since the 30% antifreeze solution clearly reduced drying shrinkage in mortar, the same
experiment was conducted using concrete.
3.4.1 Materials


The materials used were the same as those described in section 3.3.1 above.
3.4.2 Mixing conditions
Table 4 shows the mixing conditions and properties of fresh concrete. The target values of the
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freshness properties were 8.0 ± 1.5 cm for slump, 4.5 ± 1.5% for air volume.
Table 4. Mixing conditions and properties of fresh concrete.



W/C
(%)
50

W
170

Unit quantity
(kg/m³)
C
S
340
798

Addition rate
(C×%)
SP
0.10

G
969

Air volume
(%)

Slump
(cm)

4.0

8.5

3.4.3 Mixing method


A pan type mixer with a nominal capacity of 55 (L) was used for mixing. First, cement, sand,
and gravel were mixed for 15 seconds. Next, water mixed with SP was added and mixed for 60
seconds. Finally, the concrete was discharged.
3.4.4 Test items
(1) Concrete slump test
The concrete slump test was carried out in accordance with ISO 1920-2 2005.
(2) Air volume test
The air volume test was carried out in accordance with ISO 1920-2 2016.
(3) Drying shrinkage test
The drying shrinkage test was carried out using the same method and room conditions used for
the mortar experiment, but with 100 × 100 × 400 mm prismatic specimens.
(4) Compressive strength test
The compressive strength test was carried out in accordance with ISO 1920-8. After demolding
on day 1, the specimens were cured in a room at a constant temperature of 20 ± 3°C and 60 ±
5 % relative humidity. but soaked in antifreeze mix solution at 3rd day. Then the compressive
strength tests were conducted at age of 7 and 28 days.



3.4.5 Test result


The test results confirmed that soaking concrete in a 30% antifreeze solution reduces drying
shrinkage (Fig. 6). Previous studies have shown a drying shrinkage reduction effect when
specimens are soaked in a urea solution. This study showed that antifreeze solutions also reduce
drying shrinkage. Urea recrystallizes in the voids of concrete after soaking in an antifreeze
solution also reduce drying shrinkage due to the recrystallization of urea in the voids of the
concrete.
Figure 7 shows the results of the compressive strength test. As shown in previous studies, this
study confirmed that soaking concrete in an antifreeze solution increased the compressive
strength. Moreover, the strength increased as the soaking time increased. The urea crystals help
improve compressive strength.
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Figure 6. Drying shrinkage test of concrete.

Figure 7. Compressive strength.

3.5 Conclusion


This study showed that the crystallization temperature of urea can be lowered by mixing it with
antifreeze. Furthermore, soaking the concrete in an antifreeze solution reduces drying shrinkage,
as indicated by the lower length change rate in the drying shrinkage test. These results confirm
that an antifreeze solution can be used as a drying shrinkage reduction agent in cold weather.
The practical application of this method in the field, however, requires further study.
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Abstract. After the oil crisis, all the commercial and residential buildings were designed with tightly
sealed envelopes to minimize the air leakage through the building to save energy. Since buildings were
no longer able to breathe naturally, indoor air quality problems started to occur. Currently, there is still
a dilemma between these two parameters inside the buildings. To address IAQ issues and reduce the
energy loads in mechanical conditioning systems, the plant-based air filtering system is designed. The
proposed system is a hydroponic system (plants growing without soil) that is composed of a mixed bed
of activated carbon adsorbents and porous glass stones that capture and filter the toxins in the air.
HVAC-integrated plant walls that include growth media are designed to support the plants and
capturing toxins. These toxins are then metabolized by the plants which can create a self-regenerating
filtration system that requires less outdoor air being fed into the building, thereby reducing the
conditioning costs associated with HVAC. This paper is focused on the durability of the design and
fabrication of a plant-based air filtering system from an air quality and energy reduction perspective.
Keywords: Filter, Indoor Air Quality, Mechanical Conditioning Systems, HVAC, Hydroponics.

1 Introduction
Buildings and construction operations are responsible for about 40% of the final energy
consumption and generation of energy-related carbon dioxide (UN, 2017) In mechanically
ventilated buildings, most of the energy consumption is related to the heating and cooling
outdoor air and distributing it internally (Chan, 2010; Hughesa, 2011). The American Society
of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) has designated of the
health of the occupants and energy consumption profiles of the buildings (Roth, 2002) as the
two key contributing factors in assessing the indoor air quality (IAQ) in ASHRAE standards.
However, after 40 years of research and practical experiments in the field, finding a satisfactory
solution to reduce building energy consumption while mainlining high indoor air quality
remains a challenge. Even though HVAC filtration systems seem to be among the best solution
for IAQ, they are mostly ineffective for volatile organic compounds (VOCs) and mostly
contaminate the air instead of filtering it by infrequently changed filters (Bluyssen, 2003;
Schleibinger, 1999).
Indoor air can be more contaminated than outdoor air and may lead to serious health
problems related to the length of exposure (Liu, 2007). People, particularly living in urban
areas, spend up to 90% of their time in indoor environments (Klepeis N.E., 2001; Robinson,
1995; USEPA, 2002). In the US alone, the annual economic losses related to IAQ is between
$40 billion and $160 billion (Fisk, 1997; Lomborj, 2002), the cost which is associated with the
loss of productivity and medical costs for the individuals who suffer from asthma, sick building
syndrome and allergies caused due to poor IAQ (Guo, 2009). Passive techniques like increasing
ventilation in buildings can improve IAQ. However; they are not suitable for many climate
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conditions due to the increasing energy expenditures of HVAC systems related to the heating and
cooling loads (Kibert, 2008). Since filters are also not efficient to remove most of the cancerogenic
pollutants like formaldehyde and benzene, efficient filters need to be designed to protect building
occupants from indoor air pollutants. There is a clear need for the design of a system that can
address the IAQ concerns in the buildings and reduce the energy load from the HVAC systems at
the same time. The successful design of such a system would have significant impacts on the urban
environment and sustainability.
Plants can improve IAQ by metabolizing airborne pollutants such as formaldehyde, benzene,
and xylene (Wolverton, 1993; Yoo, 2006; Aydogan, 2011). The utilization of the root zone
(rhizosphere) of the plant is paramount to achieving high purification ability. There have been
numerous applications of plants in buildings and the most relevant to our work is the integration
of the plants into buildings to improve the quality of life in the indoor environment (Blanc, 2012).
However; this system does not take advantage of the full cleaning capacity of plants, especially
the root zone. Therefore, they do not sufficiently remediate pollutants within an indoor
environment, nor do they incorporate their performance with the commercial buildings HVAC
systems. For that reason, air remediation capacity, maintenance, energy savings and the cost of the
system is lower than building-integrated systems. Building-integrated botanical air filtration
systems are integrated into the building’s conventional air handling units to save energy and
provide a filtration system for the entire building. These systems take advantage of root zone of
the plants which were the direct agents of toxin removal (Wolverton, 1993; Wang, 2014;
Wolverton, 1993; Wood, 2002; Orwell, 2006). Building-integrated botanical air filtration systems
have been recommended by the U.S. Department of Energy’s Building Technologies Program for
industrial-scale research, development and demonstration to improve air quality, energy efficiency
and public health (USDOE, 2010).
The proposed botanically-based air purifying system constitutes plant-based air remediation
strategies. It is a hydroponic system (plants growing without soil) that is composed of adsorbents
and porous glass stones to capture and filter the toxins in the air. Plant-associated microbes in the
rootzone convert these toxins to nutrients, which are then consumed by the plants. Through this, a
self-regenerating filtration system is created. Significant work in plant-based filtering systems has
been completed (Aydogan et al., 2016; Aydogan and Tardos, 2017) In continuation of earlier
works of the author, this paper is focusing on the durability of the prototype design, fabrication,
and assembly of an alternative filtration system by utilizing plants to clean indoor air and reduce
energy consumption.
The paper is outlined as follows. In section 2, a discussion on the methods and the material used
for the design is presented. Section 3 presents the results of the analysis, and section 4, concludes
the paper by discussing the potential future developments of the system.

2 Materials and Methods
2.1 Materials
The prototype of the plant-based air filtering system is composed of three main parts: (1) a cassette
holding the mesh, (2) a mesh holding the plants and growing media, and (3) a structure holding
the cassettes together. The system components are shown in the exploded diagram in Figure 1.
The heaviest elements of the prototype are the base and water basins (for watering the plants),
which provide structural stability when located on the bottom.
The design of the modular system utilizes a series of cassettes that are repetitive and arranged
to form a wall system. Through this design, natural channels are created on the back of the cassettes
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to allow the air pass through and circulate back to the environment by the fans on each side of the
panel prototype (Figure 2a). Each cassette holds the mesh containing lightweight growing media
and the plants, LED lighting and drip irrigation tools (hose and drippers) (Figure 2b). The LED
lighting system, which aids photosynthesis, is designed to be hidden within the three sides of the
cassettes’ lids. The irrigation is a closed-loop system, where the water flow is controlled using a
timer. This allows the exact amount of water to drip and reach to the plants’ roots without excess
water overflowing in the prototype system. Five 0.25 gallons per hour drip emitters are aligned to
be used in each of the cassettes. The pumps are located at the bottom of the prototype inside the
water basins and the hoses of the drippers are hidden (on the back) between the cassettes (Figure
3a).

Figure 1. Exploded diagram of plant-based air filtering system.

In the design of the structure, steel bars with the dimension of 1/2" (width) x 1/8" (depth) are
used. Since the prototype is double-sided (plant cassettes on both sides), the structure is designed
to be versatile with easy and fast assembly by creating pockets that cassettes settle in. The bottom
of the bars is embedded in the groves created in the wooden base that are profiled for the flat steel
bars.
A mesh that holds the plants and growing media is designed by using a three-dimensional
reinforcement mat (Enkamat7020), commonly used for erosion control on the slopes in the urban
scale applications. This material is selected due to its performative features. It allows airflow to
pass through the growing media and plants without creating additional pressure on the surface, it
doesn’t absorb moisture, it is UV resistant and holds the growing media with plants in place even
it is installed vertically (Figure 3b).
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Figure 2. a. The double-sided prototype of plant-base air filtering system; b. Components of plant-based air filtering
system.

Figure 3. a. Folded cassettes and dripper attachments; b. 3d mesh holding growing media and plants.
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Growing media used in this system is composed of a mixed bed of activated carbon (4 × 8
Coconut Shell Granular) adsorbents and porous glass stones (GS2 Soil Aerator) that capture and
filter the toxins in the air. The role of activated carbon in this mix is to capture toxins whereas
porous glass stones are used for creating an environment for roots to grow. The porous surface on
the glass stones makes it ideal for the roots to get water and climb.
Different kinds of plant species can be used in indoor environments and, essentially, depending
on the specific functions that they can serve. Additional knowledge of the conditions that are
required for their growth such as lighting requirements, watering, and maintenance are also vital
factors. However, the most important principle for this project is their toxin degradation capacity
through their rhizosphere. Golden Pothos (Epipremnum aureum) and English Ivy (Hedera Helix)
are the two plants that are used in this prototype, based on the results of the toxin removal capacity
that was discovered through our previous studies (Aydogan, 2011).
2.2 Methods
In this prototype, different materials and techniques of fabrication are investigated. Emphasis is
placed on designing a lightweight and collapsible scissor structure, which allows the project to be
easily transported and assembled. Subtractive manufacturing methods are selected to be used to
conduct the base and the cassettes of the prototype. Computed-numerically-controlled (CNC)
machine is used to cut the 1” wood base and sides. Precise 3/4” deep grooves are routered on the
interior faces of the base so that the steel structure would snap into its designated shape. The
structure’s geometry is designed to hold two abutting cassettes per one parallelogram (Figure 4a
and Figure 4b). While the base’s hidden grooves and inserted cassettes hold the metal scissor
structure’s geometry in place, it is the 1” plywood walls on both sides that provide support against
shear stresses. These sidewalls are holding the fans that are used to distribute the air, which was
cleaned by the plant cassettes.

Figure 4. a. Assembly of the prototype; b. Plant assembly of the prototype.
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17 sheets of HDPE are used to CNC cut the cassettes of this prototype. A total of four cassettes
are cut from a 49” × 96” sized sheet. The cassettes are designed and assembled by folding
technique (Figure 5).

Figure 5. Cassette assembly by folding.
Cutout sheets are used to cut the mesh and create individual mesh holders. It is designed to fold
and sewed a zipper in the seams, which makes planting easier. Three zippers are used in the mesh,
two of them on the sides and one in the middle, which are preventing the growing media to fall
and holding plants in place. In plant-based filtering systems, porous glass stones and activated
carbon have different particle sizes and creates opportunities for settling in the planters. This
creates a loss of active adsorption area in the cassettes. To prevent this problem two growth media
are granulated (bonded together).

3 Results
In this project, a prototype containing 68 modules was designed and fabricated (Figure 6a and
Figure 6b). Folding technique for the structure and cassettes seemed to be a practical solution,
however; due to connection problems on the corners, the fabrication technique needs to be revisited
for the cassettes. Using CNC for cutting the material was not the ideal solution due to timeinefficient and waste of material concerns. Two different solutions were generated to solve this
problem.

a.

b.
Figure 6 a and b. The plant-based air filtering system prototype.
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Those solutions are either using different fabrication techniques as traditional die cutting to cut
the HDPE sheets for the cassettes or changing the folding technique to a different design so that
more cassettes can be generated through one sheet of HDPE. 1/8” thick HDPE is also found not to
be practical for reusing after disassembly of the cassettes and it can easily crack. Instead of HDPE,
more flexible materials are recommended as Styrene, Vinyl or Polypyrene.
The structural scissor system is a practical technique to allow the ability to open and fold easily
with lighter elements that carry the cassettes and growing media. The prototype generated valuable
feedbacks on the structure by showing arising potential problems.
The mesh holding the plants worked very well with the media. Zippers around the perimeter of
the mesh and sleeve create easiness for the assembly of the growing media and planting. Since the
system is designed on the premise of flexibility and modularity, the mesh can be easily replaced
for the maintenance without shutting the whole system, which allows the durability of the system
in the long run.

4 Conclusion and Future Potentials
The durability of the plant-based filtration system is investigated by exploring the design,
fabrication and installation properties of the materials. Most of the plant-based integrations in the
field do not take advantage of the root zone (rhizosphere) cleaning capacity and have limited
applicability in terms of modularity, scalability, flexibility, disassembly /reassembly and life cycle
factors. In this paper, the project focused on the design and prototyping of the system to analyze
the ways to minimize the maintenance cost and maximize the durability of the system by
demonstrating the constructive feasibility of the modular, durable, easily transportable, flexible,
adaptable approaches that can be efficiently mounted in indoor spaces. The conclusion of these
investigations is showing that especially the structural scissors system and mesh holding (the
growth media and plants) has a high potential to be applied to the plant-based filtration system.
Full-scale implementation of plant-based air filtering system is an alternative filtration solution
that provides fresh air through the purification of recirculated air. In addition, by this system, enduse energy efficiency will be obtained due to the reduced outdoor air intake and recirculated indoor
air. The proposed plant-based air filtering system would provide crucial support for building air
handling systems.
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Abstract. In the 21st century, global climate change and the high level of fossil energy consumption
have introduced changes affecting all sectors of the economy, including the building industry. This
process has prompted EU members to create strict regulations in building energetics. It has become a
serious task for architects to find more effective ways for thermal insulation. One of these options is
the application of nanostructured materials. Among them nano-ceramic thermocoatings open a wide
range of research fields, because complete agreement had not been already found about their
insulating effect. In order to explore and describe the thermodynamic process inside nano-ceramic
thermocoatings 6 series of heat transfer resistance experiments were performed in 2014-2018. Several
building structure configurations with 12 different orders of layers were tested with a standard heat
flow meter. On basis of these results it could be concluded that in case of nano-structured
thermocoatings convective heat transfer coefficient might be taken account in different way than in
case of traditional macro-structured thermal insulation materials. Based on research results, the
limits of its applicability can also be concluded. It has also been found that the insulating effect of
nanostructured thermocoatings depends on the material characteristics of the insulated surface.
Keywords: Thermal Insulation, Nanotechnology, Thermocoating, Thermodynamics, Building Physics.

1 Introduction
In the 21st century, humanity has faced serious problems of energy and environmental aspects.
Reducing energy consumption and preferring renewable materials with low environmental
impact are fundamental tools in order to slow the degradation of our environment as well as
early exhaustion of non-renewable fossil energy resources. Building sector represents over
40% of global energy consumption and 56.7% in carbon dioxide emissions, which is
considerable (Shea et al., 2012; Anestopoulou et al., 2017). Because of these reasons
regulations relating to thermal insulation performance of buildings are getting more and more
rigorous nowadays. It has become a serious task for architects and civil engineers to find more
and more effective ways for thermal insulation of buildings.
The appearance of nanotechnology-based thermal insulation materials in building industry
opened several possibilities in the 1990s for designers because of their high-performance
thermal insulating quality (Leydecker, 2008). A variety of nanotechnology-based thermal
insulation materials could be found in building industry (e.g., aerogel, VIPs), from which
nano-ceramic thermocoatings are generally considered to be the most critical because of the
contradictory technical data about their thermal insulating mechanism that could be founded
in producers’ handouts and also in special literature. Therefore, this material has become the
focus of this paper.

doi:10.23967/dbmc.2020.139
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2 Nano-Ceramic Thermocoatings
Synthetizing of nano-ceramic microspheres was developed in 1981 by S. Komarneni and R.
Roy. This so-called ‘sol-gel’ process enabled researchers to test the properties of nanoceramics (Hoffman et al., 1984). To produce nano-ceramics at a more efficient way this
process was later replaced by microwave sintering.
The most paint-on insulation products contain microscopic vacuum-hollow ceramic
microspheres with a diameter of 20-120 μm and with a cellular wall thickness of 50-200 nm.
Nano-ceramic thermocoatings are made of melted glass or ceramics on high gas-pressure and
high temperature (1500 °C). After cooling down, the pressure ends, leaving vacuum inside the
microspheres. A mixture of synthetic rubber and other polymers is used as binding materials.
Its main components are styrene (20%) and acryl latex (80%). Styrene enhances mechanical
strength and acryl latex makes nano-ceramic coating resistant against weather conditions and
provides flexibility. Other additives (e.g., biocides, anti-fouling and antifungal materials)
make the final product durable and mold-proofed (Thermo-Shield Inc., 2017; Lan et al.,
2014).
Nano-ceramic coatings are typically used for exterior and interior wall insulation, but they
are also suitable for pipe insulation and protection against fire and corrosion. They can be
easily transmitted to hard-to-reach places. After mixing the ceramic microspheres with
binding material, additives and water, a brush, roller or spray can be used to apply on the
surface to be insulated. All surfaces must be clean and free from any contamination before
painting. Generally two insulating layers are required, the first of which acts as a primer layer.
The drying time of a layer depends on the temperature (at 20 °C, it takes 4-5 hours). The
complete solidification takes 72 hours (Thermo-Shield Inc., 2017; Lan et al., 2014).

3 Literature Summary
Special literature provides different data about thermal insulation quality and thermodynamic
details about nano-ceramic thermocoatings (Paul et al., 2010; Koniorczyk et al., 2004). Some
sources state that their thermal conductivity is around 0.001-0.003 W/mK based on
measurements of university laboratories in Latvia, Russia (Volgograd) and Hungary
(Debrecen) (Orbán, 2012; Thermo-Shield Inc., 2017). Other sources publish much higher
values (from 0.014 W/mK to 0.140 W/mK) and talk about their effective thermal conductivity
which contains the internal and external convective heat transfer coefficients (hi and he) of the
enclosed nanoscale pores inside the nanostructure. These details are often not confirmed by
documented laboratory tests or refer to insufficiently introduced experiments (Orbán, 2015;
Lakatos, 2016; Chukhlanov et al., 2017). Others calculate thermal conductivity of nanoceramic coatings from heat transfer coefficient (U-value) of a global building structure
(Lakatos, 2016). Each method has the same problem that it tries to determine thermal
conductivity by an indirect way using conventional data and calculation and it does not take in
account that physical and chemical processes inside structures in range from 1 to 100
nanometers can occur differently than in traditional macro sizes.
In order to test thermal performance of nano-ceramic thermocoatings energy balance was
investigated in periods of heating and also in the summer at external building surfaces using
dynamic outdoor testing. Measurements demonstrated that coating consisting of hollow
ceramic microspheres has the same thermodynamic properties as a standard facing coating
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(Čekon, 2013; Čekon et al., 2014). Spectral emissivity properties and reflective ability of
nano-ceramic thermal insulation coatings were also tested and measured data demonstrated
that coatings have the same radiant properties as standard building coatings (Čekon, 2012;
Ádám et al., 2016). Based on GOST 23630.2-79 (Russian standard) using an IT-λ-400
instrument thermal conductivity of nano-ceramic coatings consisted of hollow inorganic
microspheres measured to be 0.10-0.18 W/mK and the effective thickness of the thin-film
insulation coating was determined at least 5 mm (that requires application of 4 layers of
material at each layer thickness of 1-1.5 mm) (Chukhlanov et al., 2017).
Nano-ceramic thermocoating was applied on façade walls of an experimental building and
the total energy consumption of the building was examined. It has been shown that there is an
effective thermal insulating effect of the coating both in winter and summer. However, exact
value of conductivity was not determined (Oda et al., 2015). Similar conclusion was made
after examining a 10 cm thick masonry wall with heat chamber method under summer
climatic conditions (outside wall surface was covered with nano-ceramic thermocoating). It
was found that thermal insulating ability is up to 25% more effective when the coating was
applied in 2 or 3 layers (Esfandyari et al., 2018).
Other researchers claim that thermal insulation coatings can highly increase heat transfer
resistance of the insulated surface by reducing convective heat transfer coefficient (Orbán,
2015). Experiments have shown that they are able to improve the heat transfer coefficient of
solid brick masonry (Lakatos, 2016). It has also been found that thermal insulation capacity of
nano-ceramic thermocoatings is affected by its thermal inertia (thermal lag). During the
review of heat transfer processes, a further discovery has been made that the physical
equations used for atomic diffusion can be applied to heat diffusion (Lakatos, 2017).

4 Laboratory Experiments
The main research task was to clear and describe the thermphysical processes inside nanoceramic thermocoatings. Based on the literature review, it was intended to perform series of
laboratory tests that can provide clear information about the heat reflectivity, thermal
conductivity and heat transfer resistance of nano-ceramic thermocoatings. After studying the
special literature six experiments were made in the Laboratory of Building Materials and
Building Physics at Széchenyi István University (Győr, Hungary) in 2014-2018.
4.1 Experiment 1 and Experiment 2
Experiment 1 and Experiment 2 were conducted to find out that the material really has heat
reflective ability (heat mirror effect) and to check whether it has an extremely low thermal
conductivity claimed by some special literature references and the manufacturer’s handouts.
Results of these experiments were published in 2015-2017 but in order for better
understanding a brief summary is important (Bozsaky, 2015; Bozsaky, 2017).
In Experiment 1 five types (Type 1-5) of samples were made from different kind of
traditional thermal insulation materials: expanded polystyrene (EPS), extruded polystyrene
(XPS) and oriented strand board (OSB). Sample Type 1 was uncoated and homogeneous,
other samples were sprayed with nano-ceramic thermocoating. According to EN 12667:2001
standard Taurus TCA 300 heat flow meter was used for measurements. Thermal conductivity
of homogeneous samples and the effective thermal conductivity (λeff) of inhomogeneous
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samples (Type 2-5) were compared and results seemed to show a minor negative effect of
nano-ceramic coating to thermal insulation quality. Only XPS samples showed a small
positive effect with an insignificant decreasing value (Bozsaky, 2015; Bozsaky, 2017).
During Experiment 2 thermal conductivity of the pure nano-ceramic coating was measured
directly with a standard heat flow meter on samples with thicknesses of 25, 30 and 35 mm
(However, this material is practically not used with such thickness, because they are applied
as a 0.5-2.0 mm thin membrane). The average thermal conductivity in air-dry condition was
0.0690 W/mK. In addition each sample was measured 3 times in order to increase measuring
accuracy (standard requires only one measurement). Analyzing the results the average thermal
conductivity in air-dry condition was 0.0690 W/mK regardless of thickness. Due to the
significantly increased measurement accuracy and the fact that there was no difference in
thermal conductivity of samples with different thicknesses, it could be concluded that
thickness has no significant effect on thermal conductivity. Therefore it could not be clearly
declared that thermal conductivity of this material has the same thermal conductivity if it is
used as a very thin membrane (Bozsaky, 2015; Bozsaky, 2017).
4.2 Experiments 3-6
Based on former experiments it was concluded that insulating effect of nano-ceramic
thermocoatings is probably not caused by their extremely low thermal conductivity. As it was
formerly mentioned, some sources claim that insulating effect of these materials is generated
by not their extremely low thermal conductivity but their high surface heat transfer resistance.
Considering it as a basic concept four more heat transfer resistance experiments were
conducted in 2016-2018 (Experiments 3, 4, 5 and 6). For these experiments 6 different order
of layers were constructed from 30x30 cm samples of thermal insulation materials. Moreover,
an additional Air Gap (AG) was included into the construction with different sizes (Table 1).
There were configurations (Figure 1), which contained nano-ceramic coated and uncoated
samples as well (Type 1-6).
Table 1. Size of air gap in Experiments 3-6.

Experiment
3
4
5
6

Size of AG (cm)
10 x 10 x 2
10 x 10 x 3
20 x 20 x 2
20 x 20 x 3
20 x 20 x 5
20 x 20 x 8

Measurements were carried out by the same heat flow meter used in Experiments 1 and 2.
Effective thermal conductivity of 3-3 pieces from each type of configurations was measured
using 3 different kinds of thermal insulation materials (EPS, XPS, and OSB plates). Each
sample was measured 3 times. Moreover, sample Types 1-4 were measured in two ways;
firstly coating was on the warm side; secondly it was on the cold side. Consequently, a total
number of 883 thermal conductivity measurements were conducted. Unfortunately, because
of the measuring limits (120 mm maximum sample thickness) it was possible to test only 4
Types (Types 1-4) of configurations in Experiment 6. Sample Types 5-6 were too thick (16-
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18 cm); therefore, they could not fit to the measurement chamber of the heat flow meter.
Because of the inhomogeneous, multi-layer structure heat flow meter was able to
determine effective thermal conductivity (λeff). The main focus of experiments was the
difference in effective thermal conductivity between coated and uncoated samples.
All of the samples contained air gap, the effect of convection and conduction inside it was
included by the λeff value. Air gap has the same position and the same size in each sample so
the conduction and convection inside air gap should be also the same in each case. This is
why difference between effective thermal conductivity of coated and uncoated samples could
be attributed only to the coating.

Figure 1. Sample types for Experiments 3-6.

From these tests is was expected that there will be significant differences in effective
thermal conductivity between coated and uncoated samples and the increasing size of air gap
should cause higher changes. It was supposed that in larger air gaps air particles should have
more possibility for bulk movements; thereby surface heat transfer resistance can prevail
much better and higher differences may arise between coated and uncoated samples. Results
were correspondent for expectations.
Unfortunately, most of the test results showed lower differences than the measurement
accuracy of Taurus TCA heat flow meter (5%). Due to the fact that measurement accuracy
was increased by testing the samples in 3 times this problem was eliminated (Standard
prescribes only one measurement). However; in 89% of the measurements there were no
deviation between 3 test results of an individual sample and in 11% the difference was only ±
0.0002 W/mK which means also 0.1-0.4% accuracy instead of the theoretically 5% accuracy
of the heat flow instrument. Therefore, the resulted changes in effective thermal conductivity
could be considered to be relevant.
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Table 2. Changes of effective thermal conductivity in Experiments 3-6.
Experiment

AG size
(cm)

10x10x2
3

Δλeff, cold

Δλeff, warm
Δλeff
Δλeff, cold

10x10x3

Δλeff, warm
Δλeff

Δλeff, cold
20x20x2

Δλeff, warm
Δλeff

4
20x20x3

Δλeff, cold

Δλeff, warm
Δλeff

Δλeff, cold
5

20x20x5

Δλeff, warm
Δλeff

Δλeff, cold
6

20x20x8

Δλeff, warm
Δλeff

Change of λeff (%)
XPS
1/2
3/4
5/6

1/2

EPS
3/4

5/6

1/2

OSB
3/4

-6,16
-5,50

-4,69
-4,80

-

-3,57
-3,33

-3,64
-3,34

5/6

-

+3,74
+2,70

+2,57
+3,08

-

-5,83

-4,75

-8,66

-3,45

-5,71

-4,96

-

-3,40

-3,49

-2,79

+3,22

+2,82

+2,29

-3,53

-

+1,83

+3,04

-5,79

-4,94

-

-

-2,80

-3,16

-

+2,91

+2,63

-

-5,75

-4,95

-6,84

-4,85

-8,19

-3,10

-3,35

-2,74

+2,37

+2,83

+1,21

-

-5,44

-3,56

-

+4,72

+2,45

-

-6,40

-4,59

-

-4,95

-2,97

-

+3,03

+3,71

-

-6,62

-4,72

-9,96

-5,19

-3,24

-3,71

+3,88

+3,08

+2,16

-6,50

-5,14

-

-5,06

-4,14

-

+2,98

+2,46

-

-5,52

-4,90

-

-4,82

-2,87

-

+4,51

+2,91

-

-6,01

-5,02

-12,04

-4,94

-3,51

-4,92

+3,75

+2,68

-0,02

-8,99

-5,97

-

-6,17

-3,73

-

+3,52

+1,63

-

-7,88

-5,00

-

-4,00

-2,38

-

+4,85

+2,12

-

-8,43

-5,48

-12,84

-5,08

-2,87

-4,53

+4,19

+1,88

-1,04

-14,70

-8,24

-

-8,91

-5,02

-

+2,06

+0,94

-

-10,78

-6,50

-

-8,90

-3,49

-

+2,45

+1,16

-

-12,74

-7,37

-

-8,91

-4,26

-

+2,25

+1,05

-

Table 2 summarizes the analysis of measurement results. Looking at the data it could be
stated that changes in EPS samples were the most apparent. The most significant differences
(8.66% and 8.19% in Experiment 3, 9.96% and 12.04% in Experiment 4 and 12.84% in
Experiment 5) were found in configuration Types 5-6. In case of configuration Types 1-2
change level was also high even if the coating was on the cold or warm side. The lowest
changes were measured in case of Types 3-4. This phenomenon can be explained that if an air
gap is closed inside two layers of thermal insulation air particles are less able to move and the
effect of surface heat transfer resistance becomes smaller.
In case of XPS samples smaller changes can be observed (Table 2). Change of thermal
conductivity was the most significant in configuration Types 1-2. Just like EPS samples,
using the coating on the warm side the changes were lower, and the difference from samples
with cold-side painting became more and more significant. In case of Types 5-6 lower
changes were measured, and the lowest changes were measured in case of Types 3-4
(excepting Experiment 3). In case of XPS samples smaller changes can be observed than in
case of EPS. This could be explained by the results of Experiment 1 where nano-ceramic
coating itself had resulted reduction of thermal conductivity. This is why surface heat transfer
resistance seems to have minor effect on thermal insulation quality
It was also a novelty that in Experiment 3 and Experiment 4 there were detectable but not
enough significant differences between measurement results depending on the location of the
coating (warm or cold side) in case of EPS and XPS samples. These differences became more
and more significant by increasing the size of the air gap (see the results of Experiment 5 and
Experiment 6 in Table 2) which showed that nano-ceramic coating has stronger effect on the
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cold side.
In case of OSB boards insulating effect of nano-ceramic coating was undetectable in
Experiment 3 and 4. All measurements showed that coating has a negative effect on thermal
insulation quality. Except sample Types 5-6 in Experiment 5, all measurements showed that
coating has a negative effect on thermal insulation quality. It can be observed that this
negative effect is decreasing by increasing the size of the air gap. In Experiment 4 nearly zero
(0.02%) change was measured and in in Experiment 5 a very small decreasing of effective
thermal conductivity was detected (-1.04%).
However, it should be noted that the negative effect of nano-ceramic thermocoating was
reducing by increasing the size of the air gap. Probably, not the same material quality and
composition is suitable for all building structures and materials. Every time we need to find
correct solution and the same material is not suitable for all surfaces. Presumably, insulating
OSB plates needs different material quality, composition or application technology than EPS
and XPS plates to achieve significant insulating effect.

5 Conclusions
Former laboratory tests showed that nano-ceramic thermocoatings do not have an extremely
low thermal conductivity that was described by the available documents of producers and
distributors. Moreover, thermal conductivity of nanostructured thermocoatings is independent
from materials thickness.
Due to the fact that test results of EPS and XPS samples were consistent with preliminary
expectations, Experiments 3-6 confirmed the previously raised theory that because of their
special nanostructure, insulating effect of nano-ceramic thermocoatings lies in their
significantly higher surface heat transfer resistance than traditional, macro-structured thermal
insulation materials.
It can be declared that in case of using nano-structured thermocoatings on the surfaces of
building structures convective heat transfer coefficient (hi or he, according to the location of
the coating) might be taken account in different way than in case of traditional macrostructured thermal insulation materials. New results also showed that the effectiveness of
nano-ceramic thermocoatings is more intensive using them on the cold side of the structure
(contrary to producers’ claim that the effect is the same on warm and on cold side).
It can also be stated that the application of nano-ceramic thermocoatings between two
structural layers is the least effective method from thermal insulating point of view.
Test results of OSB samples showed that the same material quality, composition and
application technology may not be suitable for insulating different kind of surfaces.
Furthermore; it would be important to make in-situ heat transfer experiments with nanoceramic thermocoatings in order to understand better the thermal insulation behavior of the
material. In order to achieve this goal heat transfer coefficient of several sample buildings
should be measured without any thermal insulation. These basic data should be compared
with the heat transfer coefficient of structures with nanostructured thermocoating.
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Abstract. Reinforced concrete (RC) structures, such wharfs or floating structures, are submitted to
chloride ingress which can lead to rebar corrosion. Before the corrosion initiation, in a preventive point
of view, engineers can be interested in non-destructive evaluation and inspection methods. In that way,
electrical resistivity tomography is a promising tool to access to resistivity profiles then to chloride
profiles in real RC structures in the future. We would like to present herein the advances in the necessary
research developments to reach this goal, i.e. the resistivity profiles obtained in reinforced concrete
slabs submitted to chloride ingress. The 4 slab dimensions are 90x70x13 cm. The specimens are cured,
dried during 9 months then submitted to salted water imbibition during 4 months. Electrical resistivity
tomography measurements are performed at short terms during 1 week of imbibition. The monitoring
show that several phenomena influence the resistivity profiles such as the penetration of water and
chloride ions. Meanwhile, steel rebar effect can be considered thus eliminated from electrical resistivity
profiles following the method developed by (Alhajj et al. 2019).
Keywords: Electrical Resistivity Tomography, NDT, Inversion, Durability, Reinforcement.

1 Introduction
The preservation of our civil engineering infrastructure heritage is part of sustainable
development initiatives and programs. Reinforced concrete (RC) structures exposed to de-icing
salts and the marine environment may corrode through the action of chloride ions, water and
oxygen. It has been shown that the methods for measuring the electrical resistivity of concrete
are effective in alerting the potential corrosion risk (Gowers et al. 1999, Andrade et al. 2009).
They are particularly sensitive to the moisture and chloride contents in concrete (Saleem et al.
1996). Finally, electrical resistivity tomography methods also have the great advantage of
investigating the concrete from the surface to the core in a non-destructive manner and of
drawing as information the apparent resistivity. However, such data need to be inverted to
obtain a resistivity profile with depth (Loke et al. 1996, Chouteau et al. 2002, Fares et al. 2018).
The calibration determines the conversion function to obtain the desired indicator: either the
water content or the chloride content (Villain et al., Fares et al. 2018). But the presence of metal
reinforcements disturbs the electric field and the measurement of apparent resistivities (Sengul

doi:10.23967/dbmc.2020.140
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et al. 2009, Presuel-Moreno et al. 2013, Garzon et al. 2014) and can prevent the inversion
process, which is why the RILEM recommends to place itself at a distance from the
reinforcements (Polder, 2001). The work of Alhajj et al. (2019) showed that it was possible to
reproduce by finite elements modelling the effect of the reinforcements on the measurement of
apparent resistivities.
The objective of this paper is to present the first results of the inversion programmed by
Alhajj et al. (2020) for reinforced and unreinforced slabs subjected to an imbibition of a saline
solution in the laboratory. The first part presents the measurement method and summarizes the
inversion procedure. The second part details the experimental program. The third one shows
the measurement results and the monitoring of resistivity profiles over time in both reinforced
and unreinforced slabs.

2 Method used for Non-Destructive Evaluation
The selected non-destructive evaluation (NDE) method is electrical resistivity tomography
(ERT) because it is very sensitive to the water content and chloride content of concrete.
2.1 Electrical Resistivity Measurement Principle and Method
The electrical resistivity method used is based on the Wenner principle for 4 electrodes
regularly spaced (spacing a). The current is injected by the 2 external electrodes and the
potential difference measured between the 2 inner electrodes. The apparent resistivity is
calculated from current and potential measurements and a geometric coefficient G (Marescot
et al. 2006). G is calculated by finite element modelling taking into account the geometry of
the test body and the position of the electrodes. If the medium is homogeneous the apparent
resistivity is equal to the «true» resistivity of the medium.
The device used was developed by (Du Plooy et al. 2013). It consists of 14 inline electrodes,
2cm-spaced. This allows the implementation of 26 Wenner configurations with 4 different
spacings a=2 cm, a=4 cm, a=6 cm and a=8 cm. The larger is the spacing, the larger the volume
examined from the surface. The raw results correspond to apparent resistivities at each level of
spacing. They give information about the presence of a gradient in concrete.

Figure 1. Picture of the ERT testing device.
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2.2 Inversion Process
The inversion of these raw results allows to obtain a resistivity profile according to the depth.
Loke et al. (1996) notably developed an inversion algorithm for a discrete, multi-layer material
model. The resulting RES1D software is free of access and gives good results for unreinforced
concrete slabs. However, the presence of metal reinforcements alters the current lines in the
reinforced concrete slabs, thus influencing apparent resistivity measurements. This influence
can be quantified by finite element modelling (Alhajj et al. 2019). It must be taken into account
in the inversion process.
An inversion process has been developed and is presented at the DBMC 2020 Congress by
Alhajj et al. (2020). In summary, the imposed initial true resistivity profile is continuous and
follows a Weibull law with 4 parameters. The direct finite element model (Comsol
Multiphysics®) calculates the modelled apparent resistivities. The least squares cost function
between the modelled and the measured apparent resistivities is computed. A LevenbergMarquardt algorithm minimizes this cost function in order to fit an estimated resistivity profile
of the concrete. The iterative optimization algorithm is written in Matlab® linked with Comsol
and is called “IFSTTAR inversion program” in the following. The finite element model may or
may not take into account steel reinforcements present or not in concrete slabs. The resistivity
profile obtained corresponds to the resistivity of the concrete material with a gradient of saline
solution, independently of the conductive steel influence.

3 Experimental Program
A research project called APOS (Villain et al. 2015) aimed to compare embedded sensor results
and non-destructive evaluations of reinforced concrete slabs submitted to chloride ingress in
the initiation phase then in the corrosion phase (Bouteiller et al. 2018). The present study is
limited to ERT in the initiation phase to evaluate chloride ingress in the cover concrete. The
purpose of this section is to present the concrete formulation, the geometry of the slabs, their
preconditioning and the chronology of the experimental program of this study.
3.1 Concrete and Slabs
Table 1. Concrete mix design and properties.
Aggregates 11.2/22.4
Aggregates 6.3/10
Sand 0-4
Cement CEM I 52.5N CE CP2 NF St Pierre La Cour
Total water
Admixture AD Sika Prise SC2
Water to cement ratio
Compressive strength at 28 days
Saturated mean density
Porosity (water saturation under vacuum)

(kg/m3)
(kg/m3)
(kg/m3)
(kg/m3)
(kg/m3)
(kg/m3)
W eff/C (-)
Rcsat (MPa)
sat (kg/m3)
 (%)

760
320
860
305
190
0.7
0.58
36.3 ± 0.9
2332 ± 23
15.9 ± 0.7

Concrete is of type C30 containing ordinary Portland cement (Table 1). Its 28-day compressive
strength equals 36.3±0.9 MPa and its porosity equals 15.9±0.7%. For this concrete, 10 slabs
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were casted to study the penetration of a saline solution of concentration [NaCl] = 35 g/L, close
to that of the Atlantic Ocean. Among these slabs, we will study here 1 non-reinforced slab
placed in salt solution (noted 13-NS), 2 slabs reinforced with carbon steel placed in salt solution
(noted 14-CS and 15-CS), and 1 reinforced slab with stainless steels (noted 18-SS).
The dimensions of all the slabs are 90x75x13 cm. The reinforced slabs contain 1 single bed
of rebars placed at 3 cm of depth, forming 4 meshes of 20x30 cm (Figure 2).
After casting, the moulds were removed at the age of 3 days. Then, the slabs were placed in
a room first not ventilated for 3 months and then ventilated with fans for 6 months to accelerate
drying. The side faces are protected by 2 layers of epoxy resin to keep transfers along the depth.
a)

b)

Figure 2. Scheme of the reinforced concrete slab -a- Position of the ERT testing device -b- FE model.

3.2 Imbibition Program
At the age of 9 months (T0 test time for imbibition process), the slabs were tested by nondestructive evaluation methods (NDT) and then placed in 1 to 2 cm of salt solution in pools, so
that it can penetrate by imbibition on the reinforced side (Figure 3). At each test time, the slabs
are removed from the salt solutions and subjected to NDT testing; then, they are put back in the
pools. The chosen test times are about 1h, 4h, 1day, 2days, 7 days, 1 month, 4 months. Note
that there can be differences between the slab for the out-of-water duration due to the numerous
slabs and NDT methods. Here, we present the results of the first 4 test times (T1 to T4) which
correspond to the imbibition of salt solution under temperature conditions of about 18-20°C.
Moreover, at these early test times, the resistivity contrasts are higher and the ERT method
gives thus the best results.
For each test time, the resistivity measurements were performed on the mesh AB23 along
both diagonals (Figure 2), minimum twice, usually 3 or 4 times. The mean values are used for
inversion.

Figure 3. Scheme of the slab during the imbibition process in a pool filled with saline solution and showing the
steel reinforcement.
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4 Raw Results and Profiles of Resistivity versus Depth
The influence of the steel reinforcement on the apparent resistivity measurements is presented,
first. Then, the inverted resistivity profiles are show in the 2nd and 3rd sub-sections.
4.1 Raw Results and Influence of Steel Rebars
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T2 = T0 + 4 h

30
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a)

Apparent resistivity (ohm.m)

Apparent resistivity (ohm.m)

Figure 4 shows the apparent resistivity measurements determined for 4 spacings of the Wenner
configuration, for test times T1 to T4. The resistivity measurement was impossible at T0
because the slab surface was too dry. In Figure 4-a, corresponding to the non-reinforced slab
13-NS, at T1, the apparent resistivity is lower near the face in contact with the salt solution
(a = 2 cm) than for larger spacings corresponding to higher volumes of investigation. Moreover,
for later test times, the apparent resistivity decreases due to salt solution ingress into the
concrete.
In Figure 4-b, corresponding to the reinforced slab 14-CS, for small spacing a = 2 cm, the
apparent resistivity values are similar for both slabs, they decrease when the salt solution
penetrates along time. But, for the other spacings, the larger are the spacings, the lower are the
apparent resistivities. This is due to the steel rebar influence in accordance with literature results
(Polder, 2001). This influence was quantified by a direct model using finite elements by Alhajj
et al. (2019).
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Figure 4. Apparent resistivity measurements for 4 Wenner configuration spacings -a- Unreinforced slab 13-NS b- Reinforced slab 14-CS.

4.2 Resistivity Profiles versus Depth in the Unreinforced Concrete Slab
For each test time, the apparent resistivities obtained for the unreinforced slab (13-NS) are
inverted:
• Firstly, by using the free-access software RES1D from Loke (2001); the resulting
resistivity profiles are shown in Figure 5-a;
• Secondly, by using the ISTTAR Program; the resulting resistivity profiles are shown in
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Figure 5-b and compared to the RES1D resistivity profiles.
In Figure 5, the resistivity profiles show the salt solution ingress. Concerning RES1D (Fig.
5-a), the inversion process is very fast. Figure 5-b presents the results of both inversion
programs which are in a good agreement especially at the 2 first test times. This can be
explained by the ERT method, more informative about shallower volumes, thus less accurate
for deeper volumes.
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Figure 5. Inverted Resistivity profiles at test times T1 to T4, for the slab 13-NS -a- Inversion with RES1D -bInversion with “IFSTTAR program” (superimposed on the RES1D results).

4.3 Resistivity Profiles versus Depth in Reinforced Concrete Slab with HA Carbon Steel
and Stainless Steel
Then, for each test time, the apparent resistivities obtained for the reinforced slabs (14-CS,
15-CS and 18-SS) are inverted by using the same initial parameters as those used for the slab
13-NS. The inversion is performed with IFSTTAR program because it is not possible with
RES1D.
Figure 6-a makes it possible to compare the resistivity profile obtained for unreinforced slab
(13-NS) and reinforced slab (14-CS). Figure 6-b presents the resistivity profiles obtained for
the 3 reinforced slabs.
The profiles in non-reinforced and reinforced slabs are very similar for T1, T2 and T3 (Fig.
6-a). The discrepancies between the profiles are of the same order of magnitude as the ones
between the profiles of the 3 reinforced slabs (Fig. 6-b). This uncertainty can be due to the
concrete material variations which influence the kinetics of the penetration of the salt solution.
For the later test times, the discrepancies between all the curves increase. The uncertainty of
the measurement method for a higher spacing is higher.
Moreover, the resistivity profile of the slab reinforced with stainless steel rebars (18-SS) is
similar to the profiles of the 2 other slabs reinforced with carbon steel rebars (14 and 15-CS).
The reinforcement is indeed in passive conditions in this study.
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Figure 6. Comparison of resistivity profiles corresponding to salt solution ingress in non-reinforced and
reinforced concrete slabs -a- Slabs 13-NS and 14-CS (line with marks) -b- Slabs 14-CS, 15-CS and 18-SS.

5 Conclusions and Further Developments
This paper presents the first results of an ERT inversion code tested on both reinforced and
unreinforced slabs subjected to an imbibition of a saline solution in the laboratory. This study
shows that it is possible to take into account the influence of steel reinforcement on the apparent
resistivity measurements, to proceed to their inversion and obtain the “true” resistivity profiles.
These profiles make it possible to monitor and evaluate the penetration of a salt solution
(35 g/L) in the cover concrete.
Four slabs, either non-reinforced or reinforced with carbon or stainless steel rebars were
submitted to the same imbibition process. The similar resistivity profiles obtained enable us to
assess the uncertainty range due to both the concrete material variability and the ERT method
itself. Indeed, the ERT uncertainty increases with high value of resistivity (it is higher for the
dry core of slabs) and ERT give less information for larger volumes of investigation.
Note that carbon and stainless steel give similar resistivity results in passive conditions.
However, to convert resistivity profiles into free chloride content profiles, calibration curves
are needed, but they are not available at various water contents. Imbibition is a rapid process
but more complex than diffusion in saturated conditions. This point has to be developed.
In further developments, non-destructive evaluations by ERT will be compared to embedded
sensors in the concrete slab in view of structural health monitoring.
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Abstract. Ordinary Portland Cement (OPC) is a mixture consisting of various phases. Because of
mineralogical complexity, the relationship between chemical reactivity of the mixture and each
individual phase is still unanswered question. In this study, computational method based on Density
Functional Theory (DFT) was applied to investigate the chemical reactivity of different polymorphs of
dicalcium silicate crystals. At first, computationally generated dicalcium silicate crystals were
geometrically optimized to achieve targeted convergence criteria for computing the total internal
energy, lattice parameters, and atomic arrangement at 0K. The simulations performed explain well the
thermodynamic stability as well as the synthesis temperatures of the different polymorphs of dicalcium
silicate.
Keywords: Ordinary Portland Cement, Dicalcium Silicate, Reactivity, Density Functional Theory.

1 Introduction
Ordinary Portland Cement (OPC) is one of the most manufactured materials in the world.
Cement presents a mixture of various minerals as the elevated temperature decreases during the
cement manufacturing process (Taylor, 1997). Because of the mineralogical complexity of
clinker materials and complicated chemistry at high temperature, the origin of different
reactivity of various minerals or different polymorphs in cement is still an open question. For
instance, the reactivity of dicalcium silicate, which accounts for the second largest portion in
typical OPC can be a key issue to produce high performance cement or reduce carbon dioxide
emissions in cement manufacturing. However, the origin of the different reactivity of the
polymorphs of dicalcium silicate has not been studied yet. Dicalcium silicate forms five
different polymorphs (α-C2S, α’H-C2S, α’L-C2S, β-C2S, γ-C2S) depending on sintering
temperatures (Balonis and Glasser, 2009; Cuberos et al., 2009; Taylor, 1997). It is well known
that these polymorphs have identical chemical formula and mineral composition, albeit with
slightly different ion substitution rates. They exhibit different crystal structures and reactivity
characteristics which determine the entire chemical reaction kinetics of cement particles
containing dicalcium silicate.
Several experimental methods have been conducted to study the reactivity of dicalcium
silicate. Bensted (1978) found that γ-C2S has significantly lower reactivity than β-C2S by
studying X-Ray Diffraction and Differential Thermal Analysis. The results of Cuberos et al.
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(2009) and Fukuda and Taguchi (1999) suggest that the order of reactivity between the
polymorphs of dicalcium silicate is α-C2S > α’H-C2S > β-C2S > α’L-C2S > γ-C2S. These
experimental methods, however, have limitations in terms of the difficulty of synthesizing pure
polymorphs with and without ion substitution and the quantitative interpretation of the order of
reactivity.
To accurately and quantitatively determine the reactivity among the different polymorphs of
dicalcium silicate, the effect of foreign ion substitution should be eliminated. Recently, the
reactivity of pure polymorph states has been studied through simulations. Among the simulation
methods, DFT calculation has an advantage of high accuracy in simulating the crystal
structures. Recent works on the reactivity of dicalcium silicate using the DFT calculation have
been mainly conducted through identifying the Density of States (DOS). Wang et al. (2014)
proposed the reactivity of α’H-C2S, β-C2S and γ-C2S in terms of Partial DOS (PDOS) and Local
DOS (LDOS) based on data obtained using DFT calculation. Other results (Rejmak, Dolado,
Aranda, and Ayuela, 2019; Tao, Zhang, Li, Wang, and Hu, 2019; Wang, Manzano, LópezArbeloa, and Shen, 2018) also show efforts to use DFT calculations in the reactivity studies of
dicalcium silicate. However, as a result of the combined peak data from the PDOS, it is difficult
to grasp the behavior of individual atoms, thus it is still difficult to find the origin of the
difference in reactivity.
In this study, the relationship between the order of reactivity of different polymoprhs of
dicalcium silicate and its total energy was investigated by DFT calculation. In addition, the
effects of sintering temperature and the total energy of each polymorph are discussed.

2 Computational Methods
Quantum Espresso DFT package was used to perform the basic modeling and analysis of
crystals of dicalcium silicates (Giannozzi et al., 2009). The initial model of dicalcium silicate
was taken from the lattice parameters and crystal structures published for all cement phases by
Balonis and Glasser (2009). In the two crystal structures of α-C2S and α’H-C2S, the atoms with
occupancies were removed due to the duplicate positions with other atoms. Figure 1 shows αC2S which has duplicate atoms in a unit cell. All of the crystal structures were relaxed by
Quantum Espresso pw.x executable to obtain a basically stable crystal structure at 0K. The DFT
calculations were performed by Perdew-Burke-Ernzerhof (PBE) Generalized-GradientApproximation (GGA) functionals. The pseudopotentials made out of ultrasoft-postprecessing
(USPP) were used to obtain the electronical information of each atom. The force convergence
threshold and energy convergent threshold were 10-4 Ry/au and 10-3 Ry, respectively. The
plane-wave biases set was converged by the energy cutoff of 800 Ry. The crystal structures of
all polymorphs were relaxed with Broyden-Fletcher-Goldfarb-Shannno (BFGS) algorithm. Due
to the large scale of unit cell, gamma-point sampling was used.
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Figure 1. The crystal structure of α-C2S before and after modification.

3 Results and Discussion
3.1 Relaxation of Polymorphs
The crystal structures of all polymorphs of dicalcium silicate were relaxed from the original
crystal structure starting from the lattice parameters and positions taken from the data of cement
phases as shown in Table 1 (Balonis and Glasser, 2009). Figure 2 shows the crystal structure
viewed from (100), (010) and (001) planes and the standard orientation for the five relaxed
dicalcium silicate crystal structures. Since the relaxation method was used which did not change
the lattice parameter itself, the basic crystal shape did not change significantly.
Table 1. Cell parameters of dicalcium silicate unit cells.

Polymorphs
α-C2S
α’H-C2S
α’L-C2S
β-C2S
γ-C2S

Crystal Structure
Hexagonal
Orthorhombic
Orthorhombic
Monoclinic
Orthorhombic

a (Å)
5.579
6.85
20.871
5.502
5.081

b (Å)
5.579
5.49
9.496
6.745
11.224

c (Å)
7.15
9.49
5.6
9.297
6.778

α (°)
90
90
90
90
90

β (°)
90
90
90
85.45
90

γ (°)
120
90
90
90
90

Z
2
4
12
4
4
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Figure 2. Relaxed crystal structures of the polymorphs of dicalcium silicate.

3.2 Total Energy
The total energy value from the DFT calculation was used to explain the origin of different
reactivity among the five polymorphs of dicalcium silicate. A significant difference was found
in the total energy values of the five polymorphs of dicalcium silicate. The total energy values
of each crystal structure are shown in Table 2. The total energy values were divided by the Z
values for comparison between each formula. Figure 3 shows that the higher the total energy
value of the crystal structure, the higher the reactivity. This phenomenon can be explained by
the high total energy possessed by the crystal structure which causes the instability of the
structure, leading to higher reactivity.
Table 2. The total energy values of the polymorphs of dicalcium silicate.

Polymorphs
α-C2S
α’H-C2S
α’L-C2S
β-C2S
γ-C2S
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Crystal Structure
Hexagonal
Orthorhombic
Orthorhombic
Monoclinic
Orthorhombic

Total Energy/Z (Ry)
-288.31
-288.33
-288.37
-288.36
-288.41

Reactivity Order
1st
2nd
4th
3rd
5th
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Figure 3. The relationship between the total energy and the order of reactivity.

3.3 Sintering Temperature
This can be also linked to the order of sintering temperature. It is well known that the
polymorphs of dicalcium silicate forms at different sintering temperatures. Table 3 shows the
relationship between the sintering temperature and the order of reactivity. As the sintering
temperature required for the formation of each crystal structure increases, more unstable
polymorphs are produced. This is observed for α’H-C2S, α’L-C2S and γ-C2S. For these three
polymorphs having the same orthorhombic structure, it can be inferred that the orders of
sintering temperature, total energy, and reactivity match well. The reversed reactivity order of
α’L-C2S and β-C2S can be explained due to the different crystal structures.
Table 3. The sintering temperature and the order of reactivity of polymorphs of dicalcium silicate.

Polymorphs

Crystal Structure

Sintering Temperature (°C)

Reactivity Order

α-C2S
α’H-C2S
α’L-C2S
β-C2S
γ-C2S

Hexagonal
Orthorhombic
Orthorhombic
Monoclinic
Orthorhombic

>1425
1160-1425
680-1160
500-680
<500

1st
2nd
4th
3rd
5th

4 Conclusion
-

This study presents a new perspective to quantitatively explain the order of total energy,
instability, and the reactivity of dicalcium silicate crystals in cement.
In summary, the relationship between the total energy and the reactivity order of the
five dicalcium silicate polymorphs was revealed by DFT calculation. The order of αC2S > α’H-C2S > β-C2S > α’L-C2S > γ-C2S, which is the well-known order of reactivity
for dicalcium silicate, matches well with the order of the total internal energy calculated
from the DFT. This indicates a C2S polymorph with a higher total energy is more
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-

unstable and thus shows higher reactivity.
In addition, the order of sintering temperature which plays an important role in cement
production was shown to be almost identical with the order of reactivity or the order of
total internal energy. In particular, the sintering temperatures of α’H-C2S, α’L-C2S and
γ-C2S correspond exactly to the order of reactivity. Possible explanation is that materials
which are stable at higher temperatures present a more unstable structure at lower
temperature, thus resulting in higher reactivity.
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Abstract. Today, it is globally known that climate change needs to be addressed to mitigate its harmful
effects on our environment. It is also common knowledge that the contribution of historical buildings to
the energy consumption of the existing Canadian building stock is severe. Buildings of historical identity
are often poorly thermally insulated. Thus, to increase energy efficiency and occupant comfort in cold
climates, the application of thermal insulation on the interior side of solid masonry walls offers a
possibility to improve the historic buildings’ energy performance, without compromising their identity
and cultural heritage values. As a result, the historical masonry will be subjected to lower temperature
during the heating season, which can increase the potential for condensation and frost within the wall.
A balance must therefore be reached between durability measures and thermal performance objectives.
This paper intends to achieve this balance through determining the impact of the interior insulation
thickness on the durability of a typical historical masonry wall under the effect of climate change. A
stochastic approach is used in hygrothermal simulations to account for the uncertainty in material
properties. Results in Ottawa indicate a higher risk to frost damage after interior insulation is added to
a brick wall having a moisture critical degree of saturation (Scrit) of 0.25 and 0.35. Moreover, both
deterministic and the stochastic results were in good agreement. Also, both methods showed an increase
risk to frost damage under a changing climate.
Keywords: Historical Buildings, Solid Masonry, Stochastic Approach, Future Climates, Durability.

1 Introduction
One typical way to reduce a building’s heating energy consumption is insulating its envelope.
Generally, exterior insulation systems are considered the best alternative to retrofit existing
buildings due to their ability to prevent thermal bridges (Straube et al., 2012). However, in the
case of historical buildings, exterior insulation is not possible due to architectural and
aesthetical reasons. Thus, the only way to retrofit these buildings is through adding interior
insulation. Straube et al. (2012) suggested spraying an airtight insulating foam directly to the
interior side of the existing masonry. However, normally after insulation is installed, the
moisture content of the masonry wall increases, which may lead to a higher potential for
hygrothermal problems, such as frost damage.
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Frost damage is one of the main reasons threatening durability of masonry structures in cold
climates. Previous research has shown that under a changing climate, higher rainfall intensity,
strong winds, and more frequent storms are expected, which may increase WDR loads on the
façade and subsequently, risks for rain penetration (IPCC, 2001). On the other hand, increased
solar radiation and air temperature may increase the drying potentials. It is therefore important
to assess the effect of climate change on the potential risk to freeze-thaw (FT) damage.
The hygrothermal performance of masonry walls are usually assessed by means of
deterministic approach. Though, the hygrothermal responses are influenced by stochastic
factors, such as the variability of material properties, boundary conditions and environmental
loads. The uncertainties of the input parameters may lead to a deviation between simulation
results and the actual performance of the wall assemblies, consequently, leading to faulty
designs.
The objective of this paper is to investigate the impact of the interior insulation thickness on
the freeze-thaw damage risk of the existing masonry wall assemblies. A masonary basewall and
three retrofit options having three different insulation thicknesses were tested. First, a
deterministic approach was used to evaluate the hygrothermal performance of wall assemblies
using Delphin. Second, a stochastic approach was used to take into account the uncertainties in
brick masonry properties under different climate conditions and design configurations.

2 Methods
The methodology includes a deterministic and a stochastic modelling approaches. The latter
was developed by Wang and Ge (2018) and applied to investigate the impact of insulation
thickness on the FT risk of masonry walls.
2.1 Weather Data
Weather data for Ottawa were provided by the National Research Council of Canada (NRC). A
continuous time-series1 of hourly climate data was prepared for a baseline time-period spanning
from 1986-2016 and 31-year long future time-period when global warming of 3.5°C is expected
to be reached in the future (Gaur et al., 2019). Future data of 3.5ºC increase, will be reached
between 2062-2092 (Environment and Climate Change Canada, 2018). Each data set includes
15 realizations; however, only the median realization based on MI was used.
2.1.1

Selection of reference years

The selection of reference years was made with the intention to test wall assemblies under more
representative design weather years in the selected timelines. Annual average of the Moisture
Index (MI) (Cornick et al., 2003) and Severity Index (Isev) (ASHRAE, 2010) were computed
for the chosen time-periods, and the years were ranked in ascending order. The year
corresponding to the 97th percentile (ranked second out of the 31 years) in each time-period
was chosen as the MRY. Table 1 summarizes the selection of MRYs under historical and future
time-periods.

1

The full dataset can be accessed from: 10.17605/OSF.IO/UPFXJ.
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Table 1. Summary of selected moisture reference year and their values.

City
Ottawa

Data
Historical
Future

MI – MRY
2010
2085

Isev_MRY
2009
2066

A comparison was then made between the selected MRYs weather data, as shown in Figure
1 for historical and future data. The temperature difference between the MI and Isev MRYs was
not as significant as the difference of their rain amount. Monthly rain variation looked relatively
uniform throughout the year for MRYs selected by the MI method (2010 and 2085) and
considerably less than that found for the years selected using the Isev method (2009 and 2066).
MRYs selected using Isev seem to be more severe than years selected by MI; therefore, 2009
and 2066 were selected as the MRYs for this study.

Figure 1. Comparison of monthly temperatures (a) and rain (b) for the years selected in historical data using MI
(2010) and Isev (2009) and future data using MI (2085) and Isev (2066) for Ottawa.

2.2 Wall Assemblies
Four wall assemblies were evaluated in this study: a solid masonry wall assembly and three
internally retrofitted solid masonry wall assemblies. The first configuration consists of 300mm
historical brick (Old Building Brick Rote Kaserne Potsdam – outer brick 1) and 15mm of
gypsum plaster. Retrofitted wall assemblies differ only by their insulation thickness: 50 mm (2
inches) and 100mm (4 inches) of polyurethane foam were added as recommended by Straube
et al. (2012); the insulation thickness was increased to 200mm (8 inches) to satisfy the Passive
House requirement (Straube, 2009). Figure 1 shows the configuration of the retrofitted wall
assemblies. Material properties are from the Delphin Material Library.

o
o
o
o

Existing old brick (300mm)
Added polyurethane foam
Added (38mm x 50mm) steel stud
Added gypsum board (12.7mm)

Figure 2. Solid masonry Wall retrofit solution.

1151

Sahar Sahyoun, Lin Wang, Hua Ge, Maurice Defo, and Michael Lacasse

2.3 Stochastic Model’s Setup
The stochastic models were generated according to the stochastic hygric material properties of
brick. The Latin Hypercube Sampling method was applied to generate the stochastic models
(Wang and Ge, 2018). The basic material parameters such as effective saturation (θeff), water
vapor diffusion resistance factor at dry state (μ) and liquid water conductivity at effective
saturation (kl) are considered as stochastic variables. Their mean values were based on
DELPHIN material properties. Whereas, the standard deviation was calculated as a function of
the coefficient of variance (CV). Values of CV were found for a similar type of brick in the
literature (Zhao et al., 2015). Descriptive statistics of material properties of the specific old
brick material are presented in Tables 2 and 3.
Table 2. Deterministic parameters of brick.
Material
property
ρ
c
λ
θpor
θcap
Aw

Unit

Mean

[kg/m3]
[J/kgK]
[W/mK]
[m3/m3]
[m3/m3]
[kg/m2s0.5]

1842.47
772.224
0.7975
0.304727
0.255
0.0668929

Table 3. Stochastic parameters of brick.
Material
property
θeff
μ
kl

Unit

Mean

Std dev

[m3/m3]
[-]
[s]

0.28399
37.5558
2E-8

0.00954
9.8734
5.248E-09

CV
(%)
3.36
26.29
26.24

2.4 Wall Orientation
This study was carried out for the orientation with the highest amount of annual wind-driven
rain calculated according to ASHRAE (ANSI/ASHRAE, 2016). In Ottawa, a wall facing SouthSouth-West (202.5°) was considered. Note that a North-facing wall (receiving least solar
radiation) was not included in this analyis; but will be further investigated.
2.5 Boundary Conditions
2.5.1

Indoor boundary conditions

The indoor relative humidity was computed using the ASHRAE 160 simple method
(ANSI/ASHRAE, 2016). The indoor temperature was also calculated using the same model for
heating only. As for the indoor vapour diffusion and the indoor heat conduction coefficients,
they were assumed as 1.52*10-8 s/m and 8 W/m2K, respectively.
2.5.2 Outdoor boundary conditions
Outdoor boundary conditions include heat conduction, vapor diffusion, wind driven rain, short
wave radiation and long wave radiation. To compute the longwave radiation, the boundary layer
method was selected in Delphin. The required longwave emission coefficient of the building
surface was set to 0.9. And the convective heat transfer coefficient was calculated based on
Equation (1):
ℎ!" = 4 + 4. 𝑣𝑣
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Where, v is the wind speed. The reflection coefficient of the surrounding ground (albedo) was
0.2 and the absorptance coefficient of the brick cladding surface was equal to 0.6.
2.5.3 Wind-driven rain
WDR is calculated using ASHRAE method (ANSI/ASHRAE, 2016) for a 3.5 storey building
located in the suburban area. Assuming a medium exposure factor, the rain exposure factor (FE)
and the rain deposition factor (FD) were set to 1.0 and 0.5, respectively.
2.6 Initial Conditions
Initial temperature and relative humidity conditions were selected as constants and set to 21oC
and 50%, respectively.
2.7 Performance Indicator for Assessing Wall Performance
One of the most important damage mechanisms in porous materials is caused by the action of
freezing and thawing inside materials (K.R. Lisø et al., 2007 G.; Wardeh and B. Perrin, 2008).
The onset of freeze-thaw damage in porous materials requires that the value of moisture
saturation is exceeded simultaneously with the occurrence of freezing temperatures. According
to Straube et al. (2006), the critical degree of moisture saturation (Scrit) of masonry can vary
considerably among different types of historical brick. For instance, following an experimental
study using frost dilatometry, the Scrit of three brick stones found in Canada was found between
0.25 and 0.87 (Straube et al., 2010). In this paper, values of (Scrit) equal to 0.25, 0.35, 0.5 and
0.8 were considered. Also, freezing is considered to occur at temperatures below -5°C within
the material (Straube and Schumacher, 2006). The risk of freeze-thaw damage is computed
using the critical number of freeze-thaw cycles (FTC). One cycle is counted when temperature
decreases below the freezing temperature and moisture content exceeds its critical level.
2.8 Simulations
Simulations were performed for the base and retrofitted walls under historical and future loads,
using hygrothermal simulation program Delphin 5, v5.9.4. No air and moisture leakage source
were assumed. Simulations were executed over a period of five years using the reference year
for each time-period; meaning that each selected year is repeated 5 times. However, only the
results of the 5th year are evaluated.
A fine variable discretization, with a minimum element width of 0.5 mm and a stretch factor
of 125 was used to set up the meshing of the materials. The point of investigation was placed
at a depth of 5mm of the brick surface.

3 Results and Discussion
Figure 3 shows the impact of interior insulation thickness on the estimated number of freezethaw cycles (FTC) of an old brick masonry wall located in Ottawa and modelled for historical
and future climatic loads. The brick was tested for different critical degree of saturation: 0.25,
0.35, 0.5 and 0.8. However, Figure 3 shows stochastic results for Scrit equals to 0.25 and 0.35
only. For higher saturation degrees, i.e., brick having higher resistance properties, the insulation
thickness did not have any influence on the durability of the masonry wall. Estimated FTCs
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indicated zero; therefore no potential risk to freeze-thaw damage to occur. Therefore, only
results for a brick with Scrit equal 0.25 and 0.35 will be discussed.
a1)

a2)

b1 )

b2)

PDF = Probability density function; SPF = Spray polyurethane foam; 1Historical year (2009); and 2Future year (2066).

Figure 3. Stochastic results – the impact of insulation thickness on the estimated number of freeze-thaw cycles
(FTC) for brick masonry having a critical degree of saturation of a) Scrit = 0.25; and b) Scrit = 0.35.

In general, after interior insulation was added, the number of FTCs increased, indicating a
higher potential of freeze-thaw to occur. For instance, FTC values varied between 0 and 12 for
a base wall with Scrit = 0.25. These values increased to range between 5 and 30 FTCs when 2”
of insulation was added. When adding a larger insulation thickness of 4” and 8”, the number of
FTCs reached a range of [5 – 42] and [5 – 50], respectively (Figure 3-a1). The probability
distribution of FTCs for the same type of brick under future climate denoted a larger difference
between the base wall and the retrofitted options. While values of FTC varied between 0 and
22 for a base wall, added insulation has caused the FTC to range between 0 and 100, with a
higher probability around 50 cycles (Figure 3-a2). When the Scrit is 0.35 (Figure 3-b1 and Figure
3-b2), adding insulation still has increased the number of FTC; however, with less discrepancies.
Table 4 represents the deterministic results of the predicted number of freeze-thaw cycles.
Comparing results obtained by the deterministic and the stochastic methods, they seem in good
agreement. Values of FTCs calculated using the deterministic approach corresponds in most of
the cases to the FTC number having the highest density within the stochastic results range.
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Table 4. Estimated number of FTC results for the deterministic method.
Scrit
2009
2066

0.25
5
5

Basewall
0.35 0.5 – 0.8
0
0
0
0

2” added insulation
0.25 0.35 0.5 – 0.8
24
2
0
49
2
0

4” added insulation
0.25 0.35 0.5 – 0.8
29
6
0
52
9
0

8” added insulation
0.25 0.35 0.5 – 0.8
32
7
0
56
21
0

Figure 4 illustrates the impact of climate change on the potential risk to freeze-thaw damage.
Stochastic results clearly show that FTC increased in number and spread under future
conditions. Deterministic results in Table 4 demonstrated the same as well.

Figure 4. Stochastic results – the climate change effect on the estimated number of FTC for brick masonry
having a Scrit of 0.25.

4 Conclusions
The durability performance of a masonary basewall and three retrofit alternatives of the same
wall, having three different insulation thicknesses were evaluated using both a deterministic
and a stochastic method. This study took into account the uncertainties in brick masonry
properties under historical and future climate conditions. The brick was tested for different
critical degree of saturation: 0.25, 0.35, 0.5 and 0.8. The insulation thickness did not have any
influence on the durability of the masonry brick with better frost resistance, i.e. higher critical
degree of saturation of 0.5 and 0.8. However, for a Scrit of 0.25 and 0.35, the number of FTCs
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increased, indicating a higher potential of freeze-thaw to occur. Results obtained by the
deterministic and the stochastic methods were in good agreement, as values of FTCs calculated
using the deterministic approach correspond to the number of FTC having the highest
probability within the stochastic results range. In addition, both methods showed an increase in
FTCs’ number and spread under future conditions; thus, a higher risk to frost damage. To
provide a safe insulation type and thickness range for the retrofit of masonry walls and to
account for the uncertainty of future climate, a study will be carried out later.
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Abstract. The present work deals with a unique in-service valuation of CSEB structures in Algeria.
The inspection tries to bring out the impact of long time exposure under different and opposite climate
and micro-seismic contexts. The diagnosis methodology is inspired by the approach largely adopted
for the rehabilitation of traditional architecture. It involves the compilation of the previous survey
reports, visual inspection of the structures, in-situ and laboratory tests to assess the residual CSEB
mechanical properties. The CSEB constructions are located in the coastal north and the desertical
south part of Algeria and were exposed respectively to a long-term Mediterranean and Saharian
climate. The results of the investigation show that the CSEB in the construction located in the northern
region is increasingly altered by the humidity. As the relative humidity rises, the fouling layers grow
over some level. The surface pitting which is the consequence of long exposure to the wetting/drying
cycles is also observed. The outer surfaces of the walls were honeycombed which reduce drastically
the block resistance against the abrasion test. In some cases, differential erosion appears in the front
of the walls, which indicates that the alteration does not proceed at the same rate from one area of the
block to the other. However, owing to highly cementitious mortar used to join the earth blocks, the
edges and corners remain unchipped. In the southern region where the arid climate dominating, the
degradation of the CSEB is less prone to water attack but roughly exposed to the effect of the winddust frequent in this region and to the unawareness of the population. The paper presents also some
recommendations to improve the earth construction durability with CSEB technique.
Keywords: Earth Blocks, Durability Valuation, Weather Exposure.

1 Introduction
Among the eco-friendly building materials, the Stabilized and Compressed Earth Block
(CSEB) is considered the most promising. Hence, improving the sustainability of this material
deserves more attention and study. If the durability at the scale of the unit and the structural
element in CSEB (Guettala et al., 2006), the scientific literature is prolific, it is not the same
for constructions in the field with this material. Regular monitoring of CSEB building in the
aim to assess the durability of the materials has received little formal research. The returns are
generally based on a review or reported after a large building degradation or collapse. For
instance, the document elaborated by Arandara and Jayasinghe (2007) on the durability of the
CSEB construction gives prominent insight. The project focused on the report of the
degradations observed on a group of 50 houses, 59 % of which were built in Matara (Sri
Lanka) with stabilized earth blocks. This appraisal shows that the pathologies identified are
mainly due to climatic factors, in particular, heavy rainfall and wind. It has been observed the
appearance of water absorption by capillarity caused by the inappropriate stabilization of the
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earth blocks. In addition, more erosion of the walls composed with the weakly stabilized
block was noticed.
Based on previous experience, in 1949, India launched a program of construction of
several hundred housing units (Bangalore), in which earth blocks manually compressed and
stabilized with 5% of the cement was used. Some of these houses are still occupied to this
day. Certain blocks from the demolished buildings were found to have a wet compressive
strength of the order of 1.5 MPa. On the African continent, the survey reported by Oppong
and Badu (2012) revealed that the walls (built with CSEB) exhibit considerable damages due
to their exposure to high water absorption in Ghana. The recurring cycles of wetting/drying
have inevitably caused their cracking alterations. Moreover, the blocks have been found to
have low tensile strength and abrasion. In Uganda, where the projected housing backlog by
the year 2000 was estimated at 3 million dwellings, an inventory of CSEB structures has been
achieved by Kerali (2017). The author confirmed that in humid tropical areas, rainfall and
temperature variations can adversely affect the performance of a block exposed to the
elements. It was further related to the extensive appeal to this kind of construction in low
income urban and rural areas.

2 Methods
The chosen diagnosis methodology is inspired by the one recommended by the Réhabimed
guide (RéhabiMed, 2007) concerning the approach to be followed for the rehabilitation of
traditional architecture. This guide is the work of a consortium of Mediterranean experts. In
the present context, the investigation is sequenced in three stages: pre-diagnosis,
multidisciplinary studies, and diagnosis. The first step ensures a brief location of the disorders
and defines their nature and their extent. Herein, the classification of the construction
according to the state of degradation could be partitioned into i) The building lost its
structural stability or ii) The building suffers from structural disorders or other ageing
pathologies. The second stage considers all historical and documentary studies that lead to the
identification, the evolution and the transformation of the construction. Accordingly, that
delimits and locates the factors of degradations. Finally, the diagnosis is developed following
the analysis of the whole collected information to determine the causes of the disorders in
order to define in fine the appropriate remedies. The diagnosis is supported by the analysis of
the recorded climatic and seismic activity data of each region over the last decades.
Furthermore, laboratory and in situ tests have been performed to assess the block residual
mechanical properties with both destructive (crushing) and non-destructive tests (mass
rebound, abrasion). The compressive test using an universal press were extracted from the
cornice and acroterion and replaced by new CSEBs in the building. The in situ tests rely on
the use of pendulum sclerometer, consisting of the measurement the return of the rebound of a
mass impacting a vertical surface. Abrasion tests has been performed on the block at different
locations of the wall. Using a steel brush, the technique undertakes surface brushing along the
entire length of the block for about a minute, which equals 30 round trips.

3 Location of the Sites, CSEB Buildings and Climate Environment
The figure 1 shows the geographic locations of the different sites assigned to the earth
constructions studied throughout this investigation program.
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Figure 1. Geographic locations of sites.

The buildings are ground dwellings
dwelling except in one residential site situated in the north
region (see figure 2.c). The stabilisation of the earth blocs are both chemical and mechanical.
The portion of cement exceeds 7 % and could be in some places more than 10 %. The second
stage of stabilisation relies on reducing the pores volume by applying a compactive effort
with at least 7 MPa of stress, using as a matter of fact a manual or a hydraulic semi-automatic
semi
press. This moulding
ing pressure raises the bulk density of the block as it improves the block
performance against the water runoff erosion phenomenon.
phenomenon The cure process involves a
storage of the blocks under roofing or hat for 28 days. It require
requires also a light watering for a
week with a wrap. The dimensions of the blocks used in these constructions are different from
one site to another. For instance, the
the dimensions of the blocks manufactured and used to build
the first bioclimatic prototype at Souidania in 1984 (Algiers, figure 2.a) are 250 mm in length,
125 mm in width and 70 mm in height. In 2007, blocks with the dimensions of 295 mm in
length, 140 mm in width and 90 mm in height were prepared to construct the second
bioclimatic prototype (figure 2.b). Over all the surveyed
eyed houses, the earth blocks are entire
except in the site of Beni Messous where compressed earth hollow blocks were used.

a) Bioclimatic prototype
Souidania (1984, Algiers)

b) Bioclimatic prototype
Souidania (2007, Algiers)

c) Houses at Beni Messous
(1987, Algiers)

Figure 2. Load bearing soil–cement
soil cement block residential building in the northern region.
region
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a) Adrar

b) Sersouf (Tamanrasset )

c) Mouflon (Tamanrasset)

Figure 3. Load bearing soil–cement
soil cement block residential building in the northern region.

The appraisal concerns three departments
department (Wilaya): Algiers (Capital), Adrar and
Tamanrasset. The temperature,
ture, the relative humidity and the accumulated rainfall amounts
referring to these regions are respectively depicted in figure 4, 5 and 6. In summer, the
maximum temperature (not the peak) reaches 44 °C in Tamanrasset and 33 °C in Algiers. The
relative humidity is up 78 % in the north and less than 40 % in the south. The maximum
accumulated rainfall amounts in the coastal region is around 1000 mm where the value of this
parameter is extensively in decrease in the south region.
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4 Results
Ageing-related
related pathologies observed in stabilized earth constructions (CSEB) in the coastal
northern region are mainly caused by weather element. Water (rain, humidity) is considered
as the main cause of damage. For instance, the abundant rain in the northern region has three
main effects:
i) The direct and repeated impact of the violent rain aalters
lters the surface of the external
elements and causes a crumbling,
ii) The flow of rainwater on a surface (runoff phenomenon) causes surface erosion of
the blocks which thereby provokes detachment of render,
iii) The splashing and infiltration generated
generated by the indirect and repeated impact of rain
on the ground, awning, exterior pavement, salient or re
re-entrant
entrant elements, followed by
weathering, crumbling and digging.
As depicted on figure 7.a, the crumbling due to the impact of splashing attains generally
the area close to the ground where the runoff phenomenon could provoke erosion in a large
surface above the base (figure 7.b).
7.b)

a) Splashing

b) Surface erosion

Figure 7.. Impact of the mechanical action of the rainwater.

The inattention on removing the element likely to cause seasonal variations in humidity in
particular the vegetation near the building participate actively on the development of humid
pathology (figure 8).
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Figure 8. Degradation observed in the north region (humid pathology).
pathology)

Furthermore, due to the high humidity rate, the pollution released in the air is fixed on the
structures' external envelopes by dirtying the contact surfaces and favouring biological
colonization (figure 9).

Figure 9 : Wall Pollution.

activity is
The structural degradation of the CSEB housing ascribed to the micro-seismic
micro
not evident to distinguish. Although the coastal area is subjected to an important microseismic activity (about 60 micro-earthquakes
per month), the noticed
micro
ed structural defects could
be assigned to the differential settlement.
For the southern region, the investigation has ultimately identified very little pathologies
due to exposure to climate, characterized by very low rainfall. On the other hand, the very
frequent winds activity in this region has a stronger mechanical action when they carry
suspended particles, such as the sands. The most common defects observed included: surface
roughening, erosion and surface pitting. However, the inspection in the North
Nort and South
regions has highlighted significant degradation resulting from poor design, production and
implementation of the blocks, as well as others due to human intervention such as undertaking
fitting out works or installation of air conditioning equip
equipments.

1162

Adel. Benidir, M'hamed. Mahdad and Ahmed. Brara

Figure 10.. Direct impact of the mechanical action of the wind.

5 Conclusions and Contribution
ontribution
In this contribution, an evaluation of the in-service
in service earth housing degradation in Algeria is
reported. The investigation consists of an in-field
in field visit including visual inspections supported
exposed
by in situ and laboratory tests on CSEB. The visited earth constructions are long-time
long
to varied micro-seismic
seismic and climate contexts.
context In the coastal region where the high rainfall
frequency and important humidity rate prevails, the CSEB constructions defects included:
black fouling, due to pollution and biological colonization, efflorescence, detachment of
render and erosions caused by the effects of whipping
whipping rains. On the one hand, the housing
experiencing arid climate condition, the blocks are less prone to humid pathology. The
observed defects concern surface roughening and pitting. On the other hand, the degradation
caused by the inhabitant
adversely affectss the performance of the blocks. From
habitant unawareness
unawaren
the analysis of the degradations unveiled by the in-field
in field investigation, some recommendations
to improve the durability of the CSEB constructions are made:
Maintenance of the terraces according to the
the geographical situation and the climatic
conditions.
Cleaning walls affected by fouling and biological colonization.
Checking the correct drainage of rainwater (avoid stagnation of water) to provide a
good circulation and evacuation of the collected rainwater.
Removing the element likely to cause seasonal variations in humidity in particular the
vegetation near the building.
Elevating the base, putting a sufficient roof overhang or installing an anti-capillary
anti
barrier especially in the North region.
Resorting
ting to the earth construction guide in the selection of the soil nature and the
process of stabilization.
Installing a windbreak and / or choosing an appropriate orientation of the structure
minimizing the direct exposure to the winds.
winds
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Abstract. Textile-reinforced mortar (TRM) composites have received extensive attention as a
sustainable solution for seismic strengthening of masonry and historical structures. This new system is
composed of textile fibers embedded in an inorganic matrix and is applied on the masonry and the
concrete substrate surface as an externally bonded reinforcement (EBR) system. The bond at the
textile-to-mortar interfaces is the main stress-transfer mechanism and, therefore, should be thoroughly
investigated. Furthermore, the effectiveness of TRMs in improving the seismic performance of existing
structures is highly dependent on the durability of its components, materials, textile-to-mortar bond,
and their long-term behavior. Due to the novelty of these materials in application to masonry
structures, several aspects related to the durability and long-term performance of them are still not
clear. To that end, a new study has been launched that looks at the time effect on the mechanical
properties and bond behavior between fiber and mortar. For this purpose, two different hydraulic
lime-based mortars, as well as steel and glass fibers, are used to investigate the effect of mortar age
on the TRM system after 180 days. The results show that at the early age of mortars, their mechanical
properties, and the bond behavior of textile-to-mortar have been increased. Another critical point to
remember is that by increasing the mortar age, textile-to-mortar bond and mortar strength are
decreased.
Keywords: Textile-to-Mortar Bond Behavior, Durability, Long-Term Behavior, Degradation
Mechanism.

1 Introduction
The advantages of textile reinforced mortar (TRM) composites to fiber-reinforced polymers
(FRPs) are the fire resistance, the vapor permeability, the removability, and the compatibility
with masonry and concrete substrates (Carozzi and Poggi, 2015; Papanicolaou, Triantafillou,
Papathanasiou, and Karlos, 2007). Thus, these advantages have made TRM composites very
interesting for externally bonded reinforcement of masonry and reinforced concrete structures.
Mechanical properties of the TRMs and structural components strengthened with TRMs
are strongly dependent on the properties of both the mortar and the fiber, the interfacial bond
behavior of the fiber-to-mortar, and the interfacial bond behavior between the TRM
composite and masonry substrate (Ghiassi, Oliveira, Marques, Soares, and Maljaee, 2016).
Although mechanical characterization of TRMs (Leone et al., 2017; Lignola et al., 2017), or
the bond between TRM and masonry substrate (Ascione, De Felice, and De Santis, 2015;
Razavizadeh et al., 2014) have been the subjects of several studies, the fiber-to-mortar bond
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response has not received the attention (Dalalbashi, Ghiassi, Oliveira, and Freitas, 2018a;
Ghiassi et al., 2016). The fiber-to-mortar bond response of TRMs made of cementitious
composites has been the subject of several studies, but this mechanism in case of lime-based
TRMs that are usually used for strengthening of masonry structures is relatively unknown.
The fundamental differences between the mechanical properties of lime-based and
cementitious mortars indicates that a different bond behavior should be expected. Therefore,
there is a clear need for understanding of this mechanism in lime-based TRMs and the
parameters affecting that for fit-for-purpose design of TRMs, as well as, fully utilization of
this strengthening system when application to masonry structures.
The age of mortar for performing pull-out tests (or any other mechanical characterization
tests) on TRM composites seem to be a critical issue. Hydraulic lime-based mortars usually
used in TRMs for application to masonry, and historical structures harden over prolonged
periods. It means that probably the bond and mechanical properties of the TRM composite is
also developed over longer periods, compared to the 30 days curing time commonly used for
cementitious materials. In this study, to better understand the role of mortar age on the bond
behavior of the fiber-to-mortar, pull-out tests are performed from 15 to 180 days of curing,
and the results are compared and discussed.

2 Experimental Program
The experimental program consists of evaluating the role of mortar age on the pull-out
response of single fibers embedded in lime-based mortars. For this purpose, two commonly
used fiber types (steel and glass) with their counterpart mortars are used for these
investigations.
2.1 Materials
Materials consisted of two commercial hydraulic lime-based mortars referred to as M1 and
M2 throughout this paper. Mortar M1 is a high-ductility hydraulic lime mortar (Planitop
HDM Restauro), and mortar M2 is a pure natural NHL 3.5 lime and mineral geo-binder base
(GeoCalce).
The reinforcing materials are glass and steel fibers. The glass fiber is a woven biaxial
fabric mesh (Mapegrid G220), and based on the technical datasheets, the elongation at
breakage, modulus of elasticity, and tensile strength are 1.8 %, 72 GPa, and of 45 kN/m,
respectively. The steel fiber is a unidirectional ultra-high tensile steel sheet (GeoSteel G600)
and is made by twisting five individual wires together. The density and effective area of one
cord (five wires) is equal to 670 g/m2 and 0.538 mm2, respectively. Additionally, its tensile
strength and elastic modulus are equal to 2800 MPa and 190 GPa, respectively.
The fiber/mortar pairs are selected from the same provider in this study. It means that the
glass fibers are used with the mortar M1 and the steel fibers with the mortar M2.
2.2 Material Characterization Tests
Mechanical characterization tests on mortar included compressive and flexural tests,
according to ASTM C109 and EN 1015-11. The changes in the mechanical properties of
mortar with curing age are evaluated by performing the tests at the ages of 14, 28, 60, 90, 180
days.
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The compressive tests are performed on five cubics (50×50×50 mm3) specimens at each
age with a Lloyd testing machine under force-controlled conditions at a rate of 2.5 N/s. A pair
of Teflon sheets with a layer of oil in between is placed between the specimens and the
compression plates to reduce friction near the boundaries (Figure 1a). The flexural tests are
performed on five prismatic (40×40×160 mm3) specimens, at each age, following a threepoint bending test scheme (Figure 1b). The tests are performed with a Lloyd testing machine
under force-controlled conditions at a rate of 10 N/s.

(a)

(b)

Figure 1. Mechanical characterization tests: (a) mortar compressive test; (b) mortar flexural test.

2.3 Pull-out Test
The single-sided pull-out test setup developed and presented by the authors in (Dalalbashi et
al., 2018a) is used in this study for investigating the fiber-to-mortar bond performance. The
specimens consist of fibers embedded in disk-shaped mortars with a thickness of 16 mm (see
Figure 2). The free length of the fiber is embedded in an epoxy resin block with a rectangular
cross-sectional area of 10×16 mm2, as shown in Figure 2. For detailed information on the
procedure followed for the preparation of the specimens, the reader is referred to (Dalalbashi
et al., 2018a). The embedded lengths of steel and glass fibers are equal to 150 and 50 mm,
respectively. These embedded lengths are corresponding to the sufficient embedded length of
each composite system (Dalalbashi, Ghiassi, Oliveira, and Freitas, 2018b). The specimens are
demolded after 24 hours of preparation and are stored in the lab environmental conditions
(20°C, 60% RH) until the test day. Both glass and steel-based specimens are tested at the ages
of 15, 30, 90, and 180 days ,to evaluate the role of mortar age on the fiber-to-mortar bond
behavior.
U-shape steel support is utilized for supporting the specimens (Figure 2). A mechanical
clamp is used to grip the epoxy resin from the top. Also, two LVDTs with a 20 mm range and
2-µm sensibility are located at the side and in front of the epoxy block, at the vicinity of the
mortar edge, to record the slip. All the tests are carried out using a servo-hydraulic system
with a maximum capacity of 25 kN at a displacement rate of 1.0 mm/min.

3 Experimental Results and Discussion
3.1 Material Properties
Table 1 presents the changes of mortars’ mechanical properties with age. Although both
mortars show similar value for the maximum compressive strength (8.31 MPa for M1 and
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9.53 MPa for M2), the peak values are reached at different times. Mortar M2 shows the
maximum gain of compressive strength in the first 30 days, and after that, a slight decrement
of compressive strength is observed until 180 days. Meanwhile, mortar M1 reaches its peak
compressive strength in 60 days, and after that, the changes in the compressive strength are
negligible.

(a)

(b)

(c)

Figure 2. Details of pull-out specimens and test: (a) steel-based TRM; (b) glass-based TRM; (c) test setup.

Mortar M2 reaches its peak flexural strength in the first 30 days, but the flexural strength
of mortar M1 increase until 180 days. As flexural strength is indirectly related to the tensile
strength of the mortar, an evolutionary bond behavior should also be expected in the
experimental pull-out curves until 180 days. Additionally, mortar M1 shows a higher flexural
strength (6.0 MPa), in contrast to M2 (2.62 MPa), even if it has a smaller compressive
strength that is an indication of a more ductile response of M1 mortar.
Table 1. Mortar mechanical properties with age.

Mortar
M1
M1
M2
M2

Test
[MPa]

Compressive
strength
Flexural
strength
Compressive
strength
Flexural
strength

14

28

Mortar age [days]
60

5.91 (8)

7.07 (9)

8.31 (11)

7.84 (4)

7.46 (10)

4.03 (3)

4.71 (7)

5.10 (3)

4.66 (8)

6.0 (10)

8.76 (7)

9.53 (10)

8.81 (12)

8.89 (5)

7.48 (5)

1.79 (12)

2.54 (9)

2.09 (7)

2.33 (9)

2.62 (13)

90

180

Coefficients of variation (%) are provided in parentheses.

3.2 Pull-out Response
3.2.1 Steel-based TRM composite
Figure 3 and Table 2 present the evolution of the pull-out response of steel-based TRMs with
time and the summary of the main characteristics of the pull-out curves of different ages.
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A typical three-stage of the bond behavior of the fiber-to-mortar (linear, nonlinear, and
dynamic stage) is shown by the pull-out response of steel-based TRM at all ages. The linear
elastic range terminates with the first debonding at the interface occurs that leads to a
concave-downward shape in the pull-put curves (D’Antino, Carrozzi, Colombi, and Poggi,
2017). Once the peak load is reached, which is corresponding to the full debonding along the
embedded length, the pull-out load is dropped, because the bond force is larger than the
frictional force in this system (Li, Wu, and Chan, 1995). The pull-out curves, then, show a
strain hardening behavior (forming a second peak load) and then a softening response until
the end of the tests.
By comparing the average curves, a slight increase in the pull-out response can be
observed in the first 30 days, followed by a slight decrease until 180 days. A possible
explanation for this phenomenon is due to the changes in the mechanical properties of the
mortar M2 that followed a very similar trend with time. Table 2 shows the bond properties of
steel-based TRM. While the toughness follows a similar trend as the peak load (increases
initially and then a decrease), the slip corresponding to the first peak load is almost constant.
At the same time, the initial stiffness of the pull-out curves seems to be decreasing with time.

(a)

(b)

(c)

(d)

Figure 3. Envelope load-slip curves of steel-based TRM at different mortar ages: (a) 15 days; (b) 30 days; (c) 90
days; (d) 180 days .
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Table 2. Effect of mortar age on the pull-out response of steel-based TRMs.

Age
[days]

15
30
90
180

Slip
corresponding
to peak load
[mm]

0.8 (16)
0.9 (9)
0.8 (3)
0.9 (16)

Peak load
[N]

711 (7)
872 (9)
741 (9)
731 (17)

Toughness at a crack opening of
[N.mm]
1 mm
4 mm
8 mm

511 (8)
599 (10)
474 (8)
476 (16)

Coefficients of variation (%) are provided in parentheses.

2238 (4)
2861 (5)
2372 (7)
2581 (15)

4236 (5)
5745 (6)
4747 (7)
5143 (17)

Initial
stiffness
[N/mm]

1903 (19)
2076 (23)
1277 (10)
1360 (14)

3.2.2 Glass-based TRM composite
It can be observed that the pull-out response of the glass-based TRMs shows a significant
change with time, as shown in Figure 4. At the mortar ages of 15 and 30 days, after complete
debonding (at peak load), a descending trend in the pull-out force can be observed. In
contrast, at the age of 90 and 180 days, the pull-out force increases after complete debonding,
showing a slip hardening behavior. This behavior, again, is in-line with the observed changes
in the mechanical properties of mortar M1. The flexural strength of mortar M1 continuously
increased until 180 days, and therefore increasing bond strength is also expected to be
developed during this period.
The summary of the pull-out curves presented in Table 3 shows the slip corresponding to
the peak load is relatively constant. In contrast, the peak load, toughness, and initial stiffness
of the pull-out curves increase with time until 180 days.
Table 3. Effect of mortar age on the pull-out response of glass-based TRMs.

Age
[days]

15
30
90
180

Slip
corresponding
to peak load
[mm]

2.6 (12)
1.9 (31)
2.3 (13)
2.3 (27)

Peak load
[N]

285 (10)
251 (30)
379 (16)
391 (12)

Toughness at a crack opening of
[N.mm]
1 mm
4 mm
8 mm

154)11(
156)18(
227)9(
191 )17(

Coefficients of variation (%) are provided in parentheses.
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914 )10(
805)24(
1727 )12(
1252 )3(

1778 )4(
1540)27(
2476 )16(
2673 )9(

Initial
stiffness
[N/mm]

456 (4)
815 (22)
858 (22)
909 (35)
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(a)

(b)

(c)

(d)

Figure 4. Envelope load-slip curves of glass-based TRM at different mortar ages: (a) 15 days; (b) 30 days; (c) 90
days; (d) 180 days .

4

Conclusions

A comprehensive experimental study is presented in this paper on the role of mortar age on
the pull-out response of single fibers embedded in lime-based matrices. The following
conclusions can be drawn from the obtained experimental results:
- The results show the significant effect of mortar age on the bond response. In
particular, it seems that the 30 days curing period that is usually used for cementitious
mortars is not suitable for lime-based mortars.
- It is difficult to propose a generic curing time for performing the pull-out tests when
lime-based mortar is used as the matrix. In one of the studied mortars, 60 days of
curing seemed to be sufficient for obtaining realistic bond behavior, while in the other
mortar 90 days is found to be the minimum required aging time.
- The changes of flexural strength of the mortar seemed to be a good indication of the
changes in the bond behavior and are suggested to be considered in investigations for
estimating the suitable curing age for evaluating the mechanical properties and bond
response of these systems.
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Abstract. Historical stone monuments and buildings are lost due to salt induced decay. This paper deals
with a method, electro-desalination (ED), in which an electric DC field is applied to the infected stones.
The method utilizes that ions are transported (electromigrating) in the pore solution in the electric field.
In the experimental work here, sandstone prisms were spiked with NaCl to high concentrations prior to
ED. During the application of current, the Cl ions are electromigrating into a poultice at the anode, and
Na ions into a poultice at the cathode. Damaged stones are often fragile and cracked, and the focus of
this paper is to investigate experimentally if the salts are removed effectively from the stone parts next
to a crack. In the lab experiments performed, a crack was cut half through the rectangular sandstone
prisms perpendicular to the electric field. The results showed no delay on the ED process from the crack.
All through the stone, very low concentrations of Na and Cl were reached. The concentration were even
lower than the concentrations before the spiking. This finding of effective desalination around a crack
is important, as it means that during ED, the poultice with electrodes can be placed around the cracked
and fragile surfaces, and thus further damage from physical contact between poultice and fragile stone
can be avoided.
Keywords: Salt Induced Decay, NaCl, Sandstone, Electro-Desalination, Historical Buildings.

1 Introduction
Soluble salts cause damage to many historic stone buildings and monuments, and cultural
heritage is lost. When water accesses the pore network of a stone, it may carry various salts in
solution. Several mechanisms can subsequently cause crystal growth and crystallizationdissolution cycles, which can result in severe stone damage. The techniques to remove the
damaging salts are few, and an overall effective method is lacking. The use of poultice materials
to reduce the salt content of salt deteriorated objects is a long established technique in
conservation (Sawdy-Heritage et al., 2008). However, due to the complex nature of salt
problems within historic structures the result of such interventions can be variable and
unpredictable. The amount and depth to which salts are mobilised, and where they are
transported to, is dependent on the inter-relationship between the poultice and the substrate,
the drying conditions and also the initial salt distribution (Sawdy-Heritage et al., 2008).
Another option is electro-desalination (ED), which is a method under development. ED is
based on application of an electric DC potential gradient to the salt contaminated stone. The
method utilizes that ions in the pore solution are transported by electromigration towards the
electrode of opposite polarity when the electric field is applied. The electrodes are placed
externally on the stone surface in electrode compartments with poultice, and the ions from the
salts concentrate in the poultice during the treatment. When the poultices are removed after the
ED, the ions of the salts are removed with them.
Electrolysis of water occurs at both metallic electrodes: at the anode H2O → 2H+ + ½ O2 (g)
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+ 2e- and at the cathode 2H2O + 2e- → 2OH- + H2 (g). As seen, pH decreases at the anode and
increases at the cathode. It is necessary to neutralize the pH changes to prevent severe damage
of the stone. The work by (Herinckx et al., 2011; Skibsted, 2013) underlined the importance
of avoiding stone acidification, as in ED experiments without pH neutralization, the stones
were severely damaged next to the anode. Use of a calcite rich clay poultice offers
neutralization of the acidification from the anode (Rörig-Dalgaard, 2013). The calcite buffers
the acid and the clay gives workability, so the poultice can have optimal contact to the stone
surface during the treatment.
Previous research has shown that ED can be removed from high and damaging
concentrations to very low concentrations in laboratory scale from different types of sandstones:
Posta and Cotta sandstones (Ottosen and Christensen, 2012), Gotland Sandstone (Skibsted,
2013), Nexø sandstone (Pedersen et al., 2010), and granite (Feijoo et al., 2013). No limitation
posed by the stone type has been reported. Also successful removal of different salts of
chlorides (Ottosen and Christensen, 2012), nitrates (Skibsted et al., 2013) and sulphates
(Ottosen, 2016) have been obtained.
An advantage of ED over poultising is that whereas in poulticing the poultice needs to be
covering the surface of the object, inclusive the most fragile parts, this is not necessary in ED.
In ED, the poultice with electrodes can be placed around the fragile parts, and the electric field
will distribute into the stone material. It has been shown experimentally that the salts can be
removed from stone parts, which are not placed in the direct line between the electrodes, which
means that e.g. carvings can be desalinated (Ottosen et al., 2014 ; Feijoo et al., 2017;Ottosen,
2017).
Damaged stones are often cracked, and thus it is relevant to investigate if the salts are
removed efficiently around the cracks. The electric field can pass only through the moisture of
the pores and in case the crack is air-filled, it acts as an insulator, which the electric field lines
cannot pass. This work is an experimental investigation of the influence from a major crack on
the ED process. Laboratory experiments are conducted with single sandstones, where a major
crack is cut perpendicular to the electric field lines, and the salt concentration around the crack
is measured after different durations of the desalination.

2 Materials and Methods
2.1 Experimental Stones
The experimental work was conducted with Gotland Sandstone. This type of stone was chosen,
as it is relatively homogeneous and it is commonly used in Denmark. All sandstone pieces in
this work were cut from the same block.
2.2 Measuring Techniques
For the measurement of pH, conductivity and concentration of soluble Cl and Na, the dried
stone samples were grinded in a mechanical mortar. Following 10 g powder was suspended in
25 ml distilled water and agitated for 24 h. The samples settled for 10 min and pH was
measured. The samples were filtered through 0.45 μm filter. Na concentrations were measured
by ICP-OES. Cl concentrations were measured by ion chromatography (IC, Dionex DX-120).
The concentrations for each segment was measured as single determination.
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The open porosity and density of the Gotland Sandstone used in this work were determined
(five replicates). Sanstone pieces of 170-190 g were dried (105 °C for 24 hours), weighed (mdry),
and placed in a desiccator under vacuum for approximately 3 h. After 3 h, distilled water at
room temperature was led into the desiccator, so that the discs were completely submerged.
Vacuum was maintained for 1 h. Hereafter, air was let into the desiccator and the submerged
discs were left at atmospheric pressure overnight. The water-saturated pieces were weighed in
water (msw) and in air after wiping excess water of the surface (msa). The open porosity was
calculated as (((msa – mdry)/(msa – msw)) *100%); and apparent density (((mdry*ρw)/(msa – msw)),
where ρw (970 kg/m3) is the density of water.
To have a uniform distribution of the salt prior to the experiments, the stone samples were
contaminated with the salt in the lab: the stone prisms were dried at 105°C and vacuum saturated
by 80 g/l solution of NaCl in a desiccator prior to the ED experiments. The dry weight of the
stone prisms before vacuum saturation (md) and the stone weight after vacuum saturation (m0)
were measured and from these the initial water content was calculated as (m0 – md)/md)*100%.
2.3 Electro-Desalination Experiments
Four rectangular stone prisms were cut from the same stone block. The prisms were 13.5 cm x
7.5 cm x 5.5 cm. A crack was cut half way through each prism in the middle, perpendicular to
the longest side (and the electric field lines) (Figure 1). The width of the void was about 1 mm.

Figure 1. The setup for electro-desalination. The electrodes are placed in clay poultice on each end of the
stone, and a crack is cut half into the stone perpendicular to the electric field.

Electrode compartments were placed at each end of the rectangular stone prism as illustrated
in figure 1(a). For the electrode compartments a frame was folded in thin plastic to fit the surface
of the stone at each side. The frames were filled with poultice; a mixture of kaolinite and CaCO3
[3] with an initial water content of 54%. Inert platinum coated electrode meshes were placed at
the end of each electrode compartment. The sandstone and electrode compartments were
wrapped in plastic film to hinder evaporation. A reference stone (REF) was made with no
applied current. The REF stone was wrapped in plastic film for 14 days. Three ED experiments
were made differing only in duration: 2, 4 and 5 weeks (ED2, ED4 and ED5). A constant current
of 10 mA was applied to the electrodes all through these experiments. Table 1 shows the dry
weight (md) of the different stone prisms, the water content after the vacuum saturation and the
duration of the experiments in weeks.
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Table 1. REF and ED experiments. Dry weight of stone, initial water content after vacuum saturation and
duration of experiment.
Stone weight, md
(g)
1072
1056
1084
1079

REF
ED2
ED4
ED5

Initial water
content (%)
10.2
10.4
10.5
9.4

Duration
(weeks)
2 (no current)
2
4
5

After the REF and ED experiments, the stone prisms were segmented with hammer and
chisel into 8 segments (Figure 2). The upper row of segments were named a-segments and the
lower b-segments. All segments were weighed and dried (24 hours at 105°C), and the water
content calculated. The dried segments were grinded in a mechanical mortar (FRITSCH –
pulverisette 9) for 10 seconds. Following, 10 g powder was suspended in 25 ml distilled water
and agitated for 24 h. The samples settled for 10 min and pH was measured. The samples were
filtered through 0.45 μm filter. The Cl concentrations were analyzed by ion chromatography
(IC, Dionex DX-120).

Figure 2. Segmentation of stone block after electro-desalination.

The poultices were changed every 7th day. The poultices were weighed. The Cl and Na
concentrations, water content and pH were measured using the same methods as for the stone
segments.

3 Results and Discussion
3.1 Characteristics of the Sandstone
The porosity of the Gotlandic sandstone used in the experimental work was 20.4% ± 0.03%,
which is higher than previously reported (15%) by (Nord and Tronner, 1995). The difference
shows a natural variation in the porosity of Gotlandic sandstone. Nord and Tronner (1995)
reported that the grey, calcitic Gotland sandstone is composed of about 60 wt% quartz grains,
cemented together by 7-10 wt% calcite, and with lower amounts of clay minerals, micas,
feldspar minerals, pyrite, and glanuconite.
The concentrations of Cl and Na before and after spiking with NaCl is shown in table 2
together with pH and conductivity. The salt concentration is similar to previous investigations
with the same type of sandstone and concentration of NaCl in the spiking solution (Ottosen et
al. 2014).
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Table 2. Concentrations of Na and Cl, pH and conductivity of the stone before and after spiking with NaCl.

Before spiking
After spiking

Na
(mg/kg)
23.3 ± 0.3
2520 ± 230

Cl
(mg/kg)
21.4 ± 4.2
4200 ± 130

Conductivity
(mS/cm)
0.46 ± 0.04
5.33 ± 0.16

pH
8.6 ± 0.04
9.1 ± 0.1

3.2 Electro-Desalination Results
The concentrations of Cl and Na in the different segments after the REF and the three ED
experiments are shown in figure 3. The decrease in concentrations is clear and the average
concentrations were already about halved after two weeks.

Figure 3. Concentration profiles of (a) Cl and (b) Na in the stone segments at the end of the experiments. The
dotted lines are the profiles in the segment row with the crack (a-segments) and the full lines are the lower row
of segments (b-segments).
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The final Cl concentration in all segments in ED4 was between 14 to 19 mg Cl/kg (figure 3),
which corresponds to a reduction of more than 99.5% in comparison to the 4200 mg Cl/kg,
which was the initial concentration in the ED experiments (Table 2, concentration after
spiking). The final Cl concentrations were even lower than the concentration in the stone before
the spiking (21.4 mg Cl/kg; table 2), and the Cl removal was successful all through the stone.
Thus, the final Cl concentration in the segments next to the crack was not negatively influenced
by the crack.
The Na removal was not finished in ED4 since the concentration was still 340 and 600 mg
Na/kg in the segments closest to the cathode, 4a and 4b, respectively (figure 3). Thus, the
removal of Na was slightly slower than the removal of Cl. However, within one week longer
treatment, the Na removal was successful, as in ED5 the concentrations in the segments were
between 7 and 11 mg Na/kg, which was also less than before the spiking (2520 mg Na/kg).
The successful desalination was supported by the conductivity, which in the segments after
ED5 was 0.096 ± 0.007 mS/cm was also less than the 0.46 ± 0.04 mS/cm prior to the spiking.
The pH in the segments after ED5 was between 9.7 and 10.3. Since the initial pH was 9.1
(table 2), the pH was increased all through the stone, and the acidic front was thus prevented
in developing into the stone by the poultice.
In summary, Na and Cl were removed to very low concentrations in all stone segments
during the ED treatment and after 5 weeks, the concentrations were lower than before the stones
were spiked. Thus, the crack did not prevent successful desalination.
Results from experiment ED5 are in figure 4 as the accumulated moles of Cl removed into
the poultice at the anode and Na into the poultice at the cathode. The number of moles were
calculated from concentrations measured in the poultices when they were changed every 7 day.
In figure 4, the electrical resistivity is shown as well (calculated as voltage divided by current).
During the first approximately three weeks, the removed mass of Cl and Na is almost linear
with the duration of the treatment, and in this period, the electrical resistivity is very low. After
about 3 weeks, the removal rate decreased as result of a lower concentration of the ions in the
stone. After a little more than 3 weeks of treatment, it is also seen that the electrical resistivity
increases dramatically corresponding to the low level of removal indicating lower salt content
left in the stone. Thus, the time for the desalination to be finished is indicated by an increase in
electrical conductivity.
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Figure 4. Number of moles Cl removed into in the anode poultice and Na into the cathode poultice over time in
experiment ED5. The electrical resistivity over time in ED5 is shown as well.

4 Conclusions
Electro-desalination was experimentally shown to effectively remove Na and Cl from stone
parts next to a crack. A crack was cut half through rectangular sandstone prisms (13.5 cm x 7.5
cm x 5.5 cm) and electrode compartments were placed in each end of the prism. The prisms
were spiked with NaCl to high concentrations prior to the electro-desalination, and after 5
weeks of treatment, the salts were removed again and even to concentrations lower than present
in the stone prior to the spiking. The concentrations in the stone next to the crack were as low
as in the other parts of the stone, and thus the interference of the crack on the overall desalination
is minor.
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Abstract. In order to reduce carbon dioxide emissions, the construction sector is increasingly using
clinker-reduced concretes. Concrete with high amounts of ground granulated blast furnace slag
(GGBFS) show increased durability performance in certain environmental conditions compared to
concrete with Ordinary Portland cement (OPC). However, in laboratory studies, concrete with GGBFS
show an increased initial scaling rate in comparison with OPC concrete. Changing weather conditions
and high relative humidities > 70 % in field lead to less carbonation and thus, to a better freeze-thaw
deicing salt resistance (FTDSR). Therefore, the current lab performance test penalizes GGBFS
concrete. This contribution studied the impact of carbonation and intermittent dry periods on FTDSR
of GGBFS concrete compared to that of OPC concrete. It could be shown that for concrete with OPC,
intermittent dry periods lead to an accumulation of salt in the near surface, which causes a reduction
of the scaling. GGBFS concrete, on the other hand, shows an opposite behavior: carbonation causes an
increase in scaling after the dry period. GGBFS concrete samples with CO2-free pre-storage show the
lowest scaling of all samples investigated. A better simulation of the behavior of GGBFS concrete could
lead to economical as well as optimized solutions for the local environment conditions and enable the
large-scale use of more environmentally-friendly concretes. Therefore, by taking the effect of
carbonation and intermittent dry periods into account in a simple engineering model, the prediction of
concrete scaling under consideration of real climatic conditions is possible in an eco-efficient manner.
Keywords: Freeze-Thaw Deicing Salt Attack, Carbonation, Durability, Service Life Prediction,
Combined Attack.

1 Introduction
With the increased use of clinker-reduced concretes, the evaluation of durability design
methods remains a topical issue. There are mainly three design strategies:
- Deemed to satisfy rules: Avoidance of damage by complying with the requirements from
the exposure classes, and
- Lab-Performance concept: Compliance tests with accepted limit criteria provide a yes/no
decision on the suitability of a material for a certain environment; see (Thiel and Gehlen, 2018).
- Performance based durability design: The condition of a structure remains with a certain
reliability below selected limit states (Gehlen, Schießl and Schießl-Pecka, 2008.; fib, 2006).
Performance based durability design can be further divided into fully probabilistic
approaches, and the partial safety approach derived from the probabilistic concept. Probabilistic
service life design require deterioration-time-laws that account for statistical uncertainty. An
important input parameter is the material resistance, which is usually determined in compliance
tests in the laboratory, (Thiel and Gehlen, 2018). Those engineering models should be as simple
as possible in order to promote acceptance. In addition, different attack intensities, i.e. different
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climatic conditions should be realistically displayed. They should also be flexible so that new
materials, new knowledge or new situations (e.g. climate change) can be accounted for. The
use of performance based design concepts offer the following advantages
- Quantification of deviations between execution and planning
- Optimized maintenance strategies through service life prediction
- Optimized choice of material as well as curing time and type
- Simplified use of new building materials through proof of performance
Djuric successfully combined the critical saturation model from Fagerlund (Fagerlund,
2004) with the transport mechanism of the micro ice lens pump (Setzer, 1999) for pure freezethaw attack, thus developing a model for the evolution of internal structural damage (Djuric,
2017). For the durability assessment of structural components under combined freeze-thaw
deicing salt attack (FTDSA), different approaches exist. For example, a simple performance
concept based on the CDF method was proposed by Guse (Guse, 2009). The glue-spall model
developed by Valenza (Valenza and Scherer, 2007) is able to explain most observations during
FTDSA. An easy and structured factor approach was proposed by Sarja et al. (Sarja and
Vesikari, 1996) and further developed by Lowke et al. (Lowke and Brandes, 2008). Currently,
Müller et al. (Mueller; Ludwig and Erhardt, 2019) are combining the cryogenic suction model
with frost suction in order to model the scaling evolution under FTDSA.
However, evidence of large-scale practical applications of these concepts is still missing.
The aim of this contribution is to demonstrate, by means of practical experiments, how the
strongly varying attack intensity under field conditions can be taken into account.

2 Materials and Methods
Two concrete mixes using quarzitic sand and gravel were produced, Table 1. C1 contained
Ordinary Portland Cement (OPC) with the European label CEM I 42.5 R, while C2 labelled
CEM III/B 42.5 N contained 75 % ground granulated blast furnace slag (GGBFS). For
carbonation to occur, a rather high w/b-ratio of 0.55 was used. Therefore, the concrete
composition is neither XF2 nor XF4 conform, see (DIN 1045-2:2008-08).
Table 1. Concrete composition, air content and compressive strength.
Binder type
Binder amount (kg/m³)
w/b-ratio
Sand + Gravel (kg/m³)
Air content
28d compressive strength

C1
OPC
320
0.55
1732
1.9
42.5

C2
GGBFSC
320
0.55
1724
2.0
38.5

Entrained air is the dominant factor in ensuring high FTDSR for OPC based systems
(Powers, 1949). However, Auberg showed that the FTDSR of concrete with GGBFS ≥ 58% in
the cement was largely unaffected by entrained air voids (Auberg, 1999). Furthermore,
entrained air is not required in the exposure class XF2. As this contribution intends to exploit
the potential of non-entrained concrete more effectively, no air-entraining agent was used.
Carbonation leads to increased initial scaling and is the dominant parameter for concrete with

1182

Charlotte Thiel, Vadym Lomakovych and Christoph Gehlen

Concrete with OPC (C1) and slag cement (C2)

GGBFS cement. Ludwig justified this observation with the coarsening of the pore structure due
to the formation of metastable aragonite and vaterite, which are dissolved by FTDSA. 25 cubes
(edge length 150 mm) were cast against PTFE slides, immediately covered with moist cloth
and stored at 20±2°C. After demoulding at an age of 1 d, the samples were stored further 6 d
under water. Then the samples were cut according to the CDF method (DIN CEN-TS 123909:2017-05) and divided in five different series of five samples each, Fig. 1.
Casting +
Curing

Pre-Conditioning

Cap. S.

FTDSA 1

NDT
DT / NDT
DT: Carbonation depth, chloride content, porosity
NDT: Moisture uptake (gravimetry, NMR), Scaling, RDM

IDP
(5 d dry +
2 d Cap. S.)

FTDSA 2
C1 / C2_
0.04_IDP_2
C1 / C2_
0.04_no_IDP
C1 / C2_
0.04

C1 / C2_
CO2_free_no_IDP

DT / NDT

C1 / C2_
CO2_free DT/
DT / NDT
NDT

Figure 1. Overview of experimental program (FTDSA: Freeze-thaw deicing salt attack, Cap. S.: Capillary
Suction; IDP: intermittent dry period, DT: destructive testing, NDT: non-destructive testing, RDM: relative
Young’s modulus).

Three series were stored according to the CDF method at 20±2°C and 65±2 % RH and
natural CO2 content of 0.04±0.005 % by vol. Two series were preconditioned under the same
temperature and humidity conditions but in argon flooded chambers creating a CO2 free
atmosphere. All samples were exposed to a seven days period of capillary suction followed by
freeze-thaw cycles in 3 % NaCl solution. The setup followed the guidelines of the CDF method,
however the temperature cycle was changed. In order to reduce damage, the minimum
temperature was increased to -10°C, which is closer to field situation in Germany, see (Siebel
et al., 2005). Here, the holding times remained constant but cooling and heating rate were
lowered from 10 K/h to 7.5 K/h. Before, during and after FTDSA nondestructive tests as well
as destructive tests characterized the evolution of damage, Table 2. For porosity measurements,
the samples were manually broken, immediately exposed to isopropanol for 12 - 24 h and then
oven dried at 40°C for 24 ± 2 h.
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Table 2. Experimental methods.
Test
Modified CDF (-10°C):
Scaling, Relative
Young’s Modulus
(RDM), solution uptake
Carbonation depth
(colour indicator spray
test)
Mercury Intrusion
Porosimetry (MIP)

Goal
Determination of
scaling rate and
possible relation to
moisture uptake
Determination of the
effect of carbonation
Determination the
effect of carbonation
and FTDSA on pore
structure

Device
Chamber, Balance,
US-equipment
(Pundit)

Reference
(DIN CEN-TS
12390-9:2017-05)

Spray bottle with 1%
phenolphthalein in
70% ethanol
AutoPore III, hammer
for crushing

(RILEM CPC-18,
1988)
(Lomakovych,
V., 2018)

3 Results and Discussion
Fig. 2 shows scaling, moisture uptake and RDM of the concretes. Especially the accelerated
carbonation leads to a five times higher scaling rate for C2. The orange line
(C1/2_0.04_no_IDP) represents the standardized procedure (DIN CEN-TS 12390-9:2017-05),
which is quite in the middle of the different series. Despite the significant effect of the different
storage conditions, the carbonation depth in general was very low. Thus, Table 3 shows only
the carbonation depth of the series with which a color change occurred at all. For the C1
samples, for example, only the surface was usually uncolored, while the carbonation depth for
the C2 was 0.1 mm, which disappeared in the course of the 14 freeze-thaw-cycles (FTCs). No
carbonation was detected before the intermittent dry period (IDP) indicating that the carbonated
layer scaled off.
Table 3. Carbonation depth (mm).
Series

0 (before FTC)

C1_0.04_IDP_2
0.0*
0.1
C2_0.04_IDP_2
0.1
C2_0.04
0.1
C2_0.04%_no IDP
*Surface was colorless (carbonation depth < 0.1 mm)

Exposure time (d)
7 (after 14 FTC)

0.0
0.0
0.0
0.0

14 (after
either 28
FTC or after
IDP)
0.1
0.4
0.0*
0.1

21 (after 28
FTC
0.0
0.0
0.0
0.0

The solution uptake shown in Fig. 2 middle correlates neither with the external damage nor
with the drop of the RDM (bottom). After an IDP, the samples very quickly reabsorb moisture;
however, for all series the total solution uptake remains below the level of the continuously
exposed series. The RDM of the C1 only decreases for samples that have not been dried in the
meantime (“no_IDP”). The high scatter of the reference series (C1/2_0.04_no_IDP) is most
likely due to detaching of the sealing of two samples. This is also reflected in the RDM.
C2 did not show any significant changes in RDM. This could be due to the finer pore structure,
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Fig. 3. C1 has a lower total porosity before and after the FTDSA compared to C2.

1.50

Solution uptake (% by mass)

No IDP
0.50

-0.50
C1_0.04_IDP_2
C1_0.04_no_IDP

-1.50

C1_0.04
C1_CO2_free_no_IDP

-2.50

20/65 CS
IDP

C1_CO2_free

-7

0

7

14

21

Exposure time (d): Cap. Suc. (-7 to 0 d), FTC (0 to 14 or 21d)
with or without IDP (7 to 14 d)

110

IDP

100

RDM (%)

90

No IDP

80
C1_0.04_IDP_2

70

C1_0.04_no_IDP
C1_0.04

60
50

C1_CO2_free_no_IDP
C1_CO2_free
0

7

14

21

28

Freeze-thaw cycles (-)

Figure 2. Top: Scaling of C1 (left) and C2 (right), middle: solution uptake of C1 (left) and C2 (right) (note: xaxis starts with dry state before capillary suction and represents the exposure time); bottom: Relative Young’s
modulus of C1 (left) and C2 (right). (NAC: Natural Carbonation; ACC: Accelerated Carbonation, CS: Capillary
suction).

In all cases, FTDSA led to an increased total porosity. Note that only concrete exposed to
three weeks of natural carbonation was measured as “before FTDSA”. The carbonation front
was already scaled off which explains why the well described coarsening of the pore structure
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due to carbonation in C2 was not found here. C1_0.04_no_IDP had the highest total porosity
and a clear increase in the capillary pore range. This clearly indicates micro-cracking which is
also confirmed by the RDM (Fig. 2 middle left).While a coarsening of the pore structure
occurred for C1, the pore structure became finer in all C2 series, Fig. 3. This is most likely due
to ongoing hydration. To simplify matters, if the carbonated surface layer is scaled off, GGBFS
concrete show higher FTDSR than OPC concretes with otherwise identical composition.
However, IDPs can cause the exposed surface layer to carbonate again, resulting in high initial
scaling, corresponding to the carbonation depth. With OPC the behaviour is reversed. This
shows that a test according to 28d is not sufficient to describe the damage behaviour in practice
and that it is absolutely necessary to consider the age and the degree of carbonation and
hydration.

Log Diff. Intrusion (mL/g)

0.24

0.18

C1 before FTDSA (P=13.6%)

C1_0.04_no_IDP (P=16.2%)

C1_CO2_free_no_IDP (P=14.5%)

C1_0.04_IDP_2 (P=14.4%)

C1_CO2_free (P=15.8%)

C1_0.04 (P=14.1%)

0.12

0.06

0.00
0.001

0.01

0.1

1

10

100

1000

Pore diameter (µm)

Figure 3. Pore size distribution and total porosity (P) of C1 (left) and C2 (right) before and after FTDSA.

The following options are available for considering our findings when designing or
maintaining structural components exposed to FTDSA:
- Deemed to satisfy rules: Further subdivision of the exposure classes XF2 and XF4
according to the expected time in which a critical saturation occurs.
- Performance based durability design: Implementing the effect of IDPs and carbonation
on scaling rate in an engineering models

4 Engineering Model
For chloride-induced corrosion as well as for carbonation validated probabilistic models exist
(Gehlen, 2000). For carbonation induced corrosion, the effect of changing moisture conditions
is taken into account by a parameter for considering the effect of micro-climatic conditions
(relative humidity) and a parameter for considering the macro-climatic conditions (time of
wetness and probability of wind-driven rain for vertical components. A similar procedure could
be used for scaling due to FTDSA: The scaling rate over time �� ��� can be described by
including the initial scaling rate and a later scaling rate determined in a lab performance test.
The initial scaling rate ��,���� accounts for the effect of carbonation while the later scaling rate
��,���� represents the evolution of scaling of the uncarbonated material under damage-relevant
environment. The environment only leads to scaling when sufficient moisture, rather low
chloride content and a minimum Temperature below - 5°C are present at the same time. This is
included in the environment factor �� , which depends on the number of damage-relevant freezethaw-cycles in one winter period as well as on the outer salt concentration and the minimum
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temperature. As the resistance of the concrete is affected by curing, the curing factor �� is also
introduced, Equation 1.
�� ��� � � ������� � � ∙ ������� � ∙ �� ∙ �� ∙ ��

(1)

This approach allows a weighting of the different scaling rates. The exact statistical
distributions as well as dependencies need to be quantified in future. Moreover, suitable limit
states need to be defined. Scaling not only leads to visual defects, it also reduces the concrete
cover. Cracking reduces mechanical performance and might accelerate other mechanisms
relevant to durability. Therefore, a much lower scaling depth than the concrete cover is certainly
tolerable.

5 Conclusions and Outlook
FTDSA is very versatile. It strongly depends not only on the material resistance but also on the
macro- and micro-climatic conditions. Recent investigations (Aßbrock et al., 2019) showed that
for most European locations, freeze-thaw deicing salt attack (FTDSA) is milder than displayed
in laboratory tests. Consequently, there is a need for eco-efficient and economic methods to
design and maintain structures under FTDSA despite the current deemed to satisfy rules. The
most important findings of this contribution are summarized as follows:
- Damage evolution strongly depends on the climatic conditions. The scaling rate can
change considerably for structural components that can dry in field during periods
without precipitation.
- For concrete with OPC, the scaling rate was reduced by intermittent dry periods with
and without carbonation. The main reason for the reduction of the scaling rate is
probably salt crystallization, which should be further investigated.
- Carbonation was the dominant influencing parameter for concrete with GGBFS. Here,
after an IDP concrete with GGBFS will always exhibit a new increased initial scaling
rate until the carbonated layer is scaled off. Afterwards, the scaling rate is lower than
for concrete with OPC. Concretes with high amount of GGBFS could be used in
building components that are exposed to low carbonation (few dry periods, high relative
humidity).
- Palecki (Palecki, 2005) and others found a correlation between inner damage and
moisture uptake for freeze-thaw attack without deicing agents. This correlation could
not be confirmed for FTDSA. Although concrete with GGBFS absorbed more solution
than concrete with OPC, the finer pore structure caused only minor changes in the RDM
while concrete with OPC showed a significant drop in RDM.
- IDPs significantly reduce the occurrence of inner damage.
- A new concept was proposed to consider the effect of real weather data and include the
effect of carbonation. With the help of this, a weighting of the different scaling rates of
the carbonated and non-carbonated layers would be possible.
- Taking into account the actual performance of the material as well as the actual expected
intensity of attack would enable more economic and eco-efficient design of concrete
structures.
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Abstract. Mexico City is located at a seismic region with a complex soil. That condition had an impact
on buildings and their conservation; it requires to know their structural state to control strain and
cracks that could cause severe damages. To accomplish that objective this research contemplates the
evaluation of concrete elements to propose an alternative to restraint antique concrete deformations
using FRP system.
Keywords: Architecture, Reinforced Concrete, Plastic Flow, Textile Composites, Carbon Fiber.

1 Introduction
Construction has always been complicated as the city is located on a seismic region (Servicio
Geológico Mexicano, 2017), which also has a subsistence ground (Marsal J. and Mazari,
2016); specially during 1940, when technical information about the city complex soil was
starting to be studied, and new constructive methods were developed for skyscrapers.
Specialized research on the geotechnical and seismic engineering started in 1955 and 1962,
respectively; twelve years after the Mexico City building code was used for the construction,
about 1942- 1966. Thus, all RC structures built before 1960 have a probability of exhibiting
some damage. The aging of RC structures could be accelerated due to soil and seismic
stresses. Permanent axial load causes plastic flow on RC (Park and Paulay, 1988), creating
disbalance between the load/stress distribution of the structural system and producing fissures,
structural cracks, or increasing the one that exists (Muñoz and Mendoza, 2012). Another
critical factor for RC frames built on seismic areas is ductility of columns, which is provided
by reinforcing bars (rebars), but buildings constructed before 1970 are considered as nonductile (Al-Mahaidi and Kalfat, 2018) while their columns have not enough rebars to
accomplish with current regulation codes (Moehle, 1997).
Today most of these 1940-1960 buildings are still operative. The aim of this project is to
improve the structural performance of historic buildings without affecting their patrimonial
integrity. To accomplish the last objective, this study proposes the use of Fiber Reinforced
Polymers (FRP) as a rehabilitation/reinforcement system. This method is selected because if

doi:10.23967/dbmc.2020.220
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its correctly applied, FRP could increase RC life-service by improving ductility and control plastic
flow (Metha and Monteiro, 1998; Park and Paulay, 1988). The following variables will be
analyzed to confirm the hypothesis:
a) The evaluation of FRP composites attached to a standard concrete mix will be made while
analyzing the adherence between phases and the performance of FRP;
b) Analysis of the adherence between FRP composite and old concrete specimen;
c) Comparison between the previous data obtained with a weathering reinforced concrete
specimen

2 Method and Materials
For this research FRP method refers to the use of a composite material made with carbon fiber
impregnated with epoxy resin, applied to rehabilitate a structural member (American Concrete
Institute, 2008). Carbon fiber CF) is the most commonly type of concrete reinforcement sections
because its range of tensile properties allows an acceptable mechanical performance between
phases (Hull, 2010; Park S.-J. , 2018), its semi crystalline microstructure exhibit an tensile
strength over 1200-2250 MPa (Teng, Chen, Smith and Lam, 2002). Wet lay-up is the preferable
method to applied CF because it has major advantages for in situ installation wherefor CF sheet
can adapt to complex geometries (Teng, et al, 2002). Composites materials are based on
mechanical adherence amid epoxy resin and concrete surface, so previous applied carbon FRP
over the concrete section, it must be cleaned free of dust, oil or solvents. To increase phase
adherence, it could be peel off the surface until it is removed, a thin layer with an average
thickness from 0.5mm to 2mm. For the experimental campaign it selected 12K unidirectional
carbon tow sheet thus one direction cloth has the strongest tensile resistance (Chanda, 2018). To
attach the fiber, it is used an epoxy adhesive indicated by the manufacturer, Quintum ©. Their
mechanical properties on Tables 1 and 2.
Table 1. Mechanical Properties of Carbon fiber.

Material
QuintumWrap-300©

Ultimate Tensile Strength
875 MPa

Young Modulus
34, 500 MPa

Weight
302 g/m2

Mechanical properties of carbon fiber imbibed into epoxy resin. The cloth physical
characteristics are: 0.5mm thickness, 500mm wide and 12K tow.
Table 2. Mechanical Properties of Epoxy Resin.

Material
Q102R ©

Compressive
Strength
121 MPa

Lap shear Adhesion
Strength
12 MPa

Tensile Strength
42 MPa

Epoxy adhesive is formed by two components: part A, bisphenol resin type and part B,
ammonium adduct as hardener. Both shall mix in a 100g :10gr relation.

1190

Juan M. García Garduño, Perla R. Santa Ana Lozada and Lucia G. Santa Ana Lozada

2.1 Manufacturing Specimens
Concrete specimens were designed considering a structural resistance of 25Mpa (CEMEX) using
the standards C192/C192M (ASTM, 2002). For the experimental campaign they were made six
concrete cylinders of 150mm radius and 300mm height, using Portland Composite Cement
(IMCyC, s.f.). Three of them were selected for control of the mix and three more for FRP
reinforcement.
2.2 Confined Concrete with Carbon Fiber
After 20 days of demolding concrete cylinders, three specimens were prepared to attach CF by
scabbling a 2mm layer from the surface using an angle grinder. FRP method consisted of five
steps that were made considering the combined action principle (Callister, 2009). The first step
was applying a uniform layer of epoxy resin over the concrete surface. The second step was
immersing the CF sheet ultimately into epoxy resin to reduce the air content and dry zones. The
third step was wrapping to confining specimens with an impregnated fiber sheet with overlapping
of 10 centimeters. The fourth step was removed the air trapped into the tows dragging a palette
knife over the wrap. The fifth step was applied another uniform epoxy layer.

3 Compression Test
The compression test consists of applied a uniaxial increasing load on the material to deformed it
until it’s ultimate strain. If carbon fiber is correctly attached to concrete, it shall restring the
lateral pressure and radial expansion, assuming that epoxy layer has the same thickness on both
sides of fiber; tensile stress shall be equal in the hoop direction. Specimens were tested 28 days
after manufacturing. Tests were made in an INTRON universal testing machine, screw-type
UTM model MII 400WHVL with capacity for 200 tons.

4 Results
Control specimens showed average compression strength of 22MPa and for the FRP it was an
average strength over 38 MPa. CF almost doubled the compressive strength of concrete. In Table
3 shown test results.
Table 3. Results of compression test for Control and FRP specimens.

Specimen

Maximal Load

Control 1
Control 2
Control 3
FRP 1
FRP 2
FRP 3

38,514 kgf
43,154 kgf
39,791 kgf
65,914 kgf
66,235 kgf
73,090 kgf

Ultimate Compression
Strength
21 MPa
23.5 MPa
21.7 MPa
36.5 MPa
36.7 MPa
40.5 MPa

Strain
2.1 mm
3.6 mm
2.9 mm
5.1 mm
5.2 mm
5.5 mm
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Table 3 shows the maximal values obtained from data bases of test machine.
Mechanical behavior of FRP specimens is shown in Figure 1. The three curves have a similar
development with a semi-ductile trend, and all of them showed a small dropping when concrete
reached its maximal compressive strength, as it is shown on figure 1 (left). All curves had the
same geometrical composition, also, according with data in table 3: FRP 1-2 had a very similar
mechanical behavior. On the other hand, FRP 3 continues growing asymmetric. The average FRP
ratio was calculated using a sixth-grade polynomial trend line to correct each curve. After that,
corrected data were put on the same base to define another trend line and made one more
correction. The final result was the edited stress-strain curve, which had the average behavior of
FRP specimens, it is shown in Figure 1 (right). Physical analysis shown in Figure 2-4.

Concrete maximal
compressive
Figure 1. Stress-strain curves of FRP specimens and edited curve after statistical analysis.

On Figure 1, it is presented, from left to right, stress-strain curves of all FRP cylinders; stressstrain curve performed with edited compression data base.

Figure 2. FRP specimens after compression test.

On Figure 2 it is shown, from left to right, FRP 1 with total detachment of CF; FRP 2, total
detachment of CF; FRP 3, partial detachment of CF.
Specimens FRP 1 -2 failed because a delamination from overlap section, it shown on Figure
3A. The revision of the pulled off carbon layer showed the presence of a considerable quantity of
voids at overlapping area, Figure 3B. While the rest had concrete residuum, Figure 3C. For those
two cases, the matrix layers were detached because the distribution of stress was discontinuous
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due to voids. Internal stress at borders generated micro tangential tensions which broken the
matrix, then shear produced by pressure delaminates the overlap. Concrete aggregate exposed
refers to such good phase adhesion. According to the partial uniform state of the concrete section,
specimens FRP 1-2 can not reached their ultimate compression strength; otherwise, residual
concrete would be abundant cracks on the cylinder section; checking numerical data at Table 3,
load stress was transmitted by both phases only before delamination of FRP, after that each phase
was working by itself: CF jacket was just restrung cylinder bulge until epoxy matrix was
completely broken.
Concrete
stratum torn

Damaged matrix
by delamination

Delamination of CF
Layer

A

Voids at matrix

C

Figure 3. Detail of delamination in FRP at compression test.

On Figure 3 showed: (A) delamination of FRP matrix; (B) detail of voids at overlapping; (C)
detail of adherence between phases.
FRP 3 reached its ultimate compressive strength. In this case, tangential tension was uniformly
distributed over the cylinder’s section until pressure shear the carbon layer causing an explosion.
The tested specimen had small delamination on overlap area, Figure 4D. Then, it assumes less
void contain at matrix and a uniformly epoxy coat on each side of layer. The explosion also
produced the tearing of CF cloth, shown in Figure 4E; it observes parts from the concrete section
who were torn by the adhesive and remained attached to the epoxy matrix, Figure 4F. In FRP 3,
serious cracks were caused by stress distribution, which means that when the concrete reached its
maximal compressive strength, it still transmitting load. That indicates the simultaneous
transmission of stress from both phases; this specimen already worked as a composite material.
Delaminated layer

D

Teared FC

Concrete stratum
attached on FC

Figure 4. Detail of failure in FRP at compression test.

1193

Juan M. García Garduño, Perla R. Santa Ana Lozada and Lucia G. Santa Ana Lozada

On Figure 4 it can be seen: (D) Partial delamination of FRP matrix; (E) detail of CF teared by
shear strength; (F) detail of adherence between phases.
Below its presented, on Figure 5, the results of concrete and FRP cylinders to contrast the
influence of CF cloth. On this figure observes that carbon fiber actually extend the plastic zone of
concrete allowing it major load resistance.

Figure 5. Comparation between FRP and pure concrete specimens.

Based on the current normative of the ACI (American Concrete Institute, 2008), the FRP
manual of SIKA (SIKA, 2015) and current investigations about carbon fiber (Hernández Pérez,
2019), the theorical compressive strength results for FRP cylinders are compared with the
practical test results. On Table 4 shown the results.
Table 4. Results of compression test for Control and FRP specimens.

Specimen
FRP 1
FRP 2
FRP 3

Theorical Confined Compressive
Strength
30.92 MPa
30.92 MPa
30.92 MPa

Practical Confined Compressive
Strength
36.5 MPa
36.7 MPa
40.5 MPa

Theorical confined compressive strength at table 4 only consider the design target compressive
strength of 25 MPa for the three specimens.
Comparison of numerical results at table 4 expressed an increment of 40% in practical tests
compared with the theorical calculation, even with the cylinders whose FRP was detached.

5 Conclusions
-

Based on the numerical data provided by the mechanical test, the method of manufacture, and
the physic analysis of the FRP concrete specimens it concludes that the fiber reinforcement
polymer method increases the compressive strength of concrete even if FRP is not well
attached. This condition means that quality control at FRP application
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-

-

-

must be hardly supervised.
The surface treatment had successful results on adherence between epoxy-concrete
interphase. Mechanical adhesion between phases was strong to keep them together after
radial pressure pull off the epoxy matrix. Considering that, significant attention must be
put on overlapping while FRP method is applied. Delamination at this zone is the
common cause of failure at confining, the matrix is easy to fracture by shear strength if
there is a high void percent.
The adherence range of service is such enough to control longitudinal and transversal
deformation and consequently adding partial ductile properties. So then, carbon fiber is
capable of retarding plastic deformation on concrete by full confining. The compression
test is an accelerate process to deforming concrete until it is destroyed, then considering
that plastic flow is a slow process it can conclude CF could stop deformation by aging.
At service, FRP could produce some elasticity to concrete because its tensile resistance
parallels to the axis. However, the characteristic of its materials still having a fragile
trend. Under that premise, the porous matrix at the overlapping area is vulnerable to shear,
torsion, impact, etc. As an optional experimental purpose to improve adherence in epoxyepoxy interphase, it could use a compatible polymeric adherence bridge.
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Abstract. This paper deals with the investigation of properties of Czech fortification concrete bunkers
built before Second World War (WWII). The Czech defense system consisted mainly of light bunkers
type No. 37. The vast numbers of these bunkers have been preserved in various conditions to nowadays.
The light bunkers type No. 37 were designed to last limited lifetime of decades. According to the
preserved test protocols, strength of used concrete varied from 40 to 50 MPa, measured on cube
specimens with dimensions 200×200×200 mm. There is an information, in general public, about high
quality and strength of used concrete. The non-destructive analysis of compressive strength, determined
by Schmidt hammer was performed. This method was used to maintain a historical value of the
structures. Three were analyzed different bunkers type No. 37 located in Western Bohemia – Pilsner
region. Tested bunkers are preserved in various conditions with various quality of concrete. The
measurements by Schmidt hammer took place in several locations especially in the interior part. The
exterior was also investigated but only in the locations of surface which were not covered with
camouflage plaster. Non-destructive testing had shown high quality of concrete older than 80 years old
concrete, with compressive strength between 50 to 60 MPa. On the other hand, based on the visual
assessment, the concrete showed very different characteristics, especially in compactness and the
quality of surface layer. We can find places with insufficiently compacted concrete with exposed steel
reinforcement.
Keywords: Concrete, Fortification, WW2, Non-Destructive Testing, Schmidt Hammer.

1 Introduction
The European continent has a great historical, cultural and architectural heritage, which
includes monuments dated back several centuries and even millennia. The architectural heritage
contains relicts of ancient civilizations, medieval buildings, sacral and also profane buildings.
In the terms of building monuments, materials used most frequently are bricks or stone
masonry, timber and steel (traditional and proven materials). The field of architectural heritage
is closely connected with the restoration, reconstruction and, if necessary, strengthening. The
strengthening and conservation of widely used structural elements (column, pillar, vault, beam
etc.) made with traditional materials is well described and mastered. Even modern materials
with high utility properties are successfully implemented into the strengthening process – we
can find the application of carbon rods or fabrics (Witzany et al., 2016, Jongsung et al., 2005).
Even very modern material – textile reinforced concrete can be used for stabilization or
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strengthening of masonry structures (Garmendia et al., 2014).
Even relatively new buildings and structures are in the center of interest of exploration and
conservation. We can see a growing interest in exploring industrial heritage as a reflection of
its time. This brings new challenges for historians, architects and engineers. A very good
example of this phenomenon is the system of the Czech fortification system, built by former
Czechoslovakian government in years before the WWII. This example of widespread use of
concrete has been extensively preserved in various conditions till today. For general public,
concrete is not the representative of historical material (Heinemann et al., 2008).
1.1 Czech Fortification System
The system of fortification was built in relatively short time during 1930s by incurring high
financial and material costs. The whole system consisted of several defensive lines of light
bunkers for seven soldiers. In this way, the strategic disadvantage of defending very long
borders with Germany, Poland and later with Austria and Hungary, with limited human
capacity, had been solved. This system of light bunkers had been supplemented in certain
places, usually in mountainous terrain by artillery fortresses. The support of the defense system
contains large number of smaller fortresses, usually connected by system of underground
corridors. Unlike the bunkers type No. 37, these fortresses were intended for long-term stay of
military crews. The bunkers type No. 37 were designed for short stay of soldiers only at the
time of threat. Due to their cramped space, longer stay of crews was not possible. In the event
of war crash, bunkers No. 37 were designed for indirect firing, when individual fire fans of each
bunker overlap with the fire fans of its neighbor. The front wall was the strongest part of
fortification and it was also protected from exterior part by a stone flat with loam (also used as
camouflage).
The vast majority of the preserved bunkers No. 37, according to cadastral information, are
owned by the Army of Czech Republic. More extensive preserved complexes and artillery forts
have a status of official cultural heritage and are open to the public. A large number of objects
of varying size and technical conditions are also owned by private persons or group of WWII
fans. These organizations or individualities usually try to restore the bunker to its original state,
including camouflage, armament and equipment. However, with more intensive use and
reconstruction works, there are many challenges that need to be solved. The bunkers were not
designed for long-term stay of military crew. Various problems are connected with the actions
of capillarity and moisture penetration. An extensive experiment and numerical simulation on
this topic performed Pazderka et al., 2016. The problem with massive water ingress can be
solved by using modern crystallizing coating (Pazderka et al.,2019). On these two examples we
can see that the issue of defensive structures gains its importance, therefore the theoretical
investigation and field in-situ survey are also significant and important.

2 Performed Investigation and Observation
Three preserved examples of bunkers No. 37 located in the “Pilsner line” in West Bohemia
region were chosen for the purpose of this contribution. The designations of investigated
bunkers are D-19/22/A-160, D-19/47/A-160 and D-20/4/A-160. This number has its systems
and contains the information about location and type of object. The first part “D-19” or “D-20”
means the construction section, in this case “Nové Městečko” respectively “Blažim”. It was
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usually named about the nearest important city or village. The next number, in our case “22”,
“47” and “4” means the order of the bunker in the particular construction section. The last part,
in this case “A-160” means the type of bunker. Letter “A” means, that the investigated bunkers
represent the most commonly used type with ordinary ballistic resistance. There were also
bunkers with letter “Z”, which describes the bunker with higher ballistic resistance with
stronger front wall. The last number characterizes the angle of coverage with installed machine
guns.
2.1 Testing by Schmidt Hammer
Testing by Schmidt hammer represents commonly used method for non-destructive testing of
concrete´s mechanical properties. This method is standardized and allowed by standard systems
of many countries. There have been cases where Schmidt hammer was used as representative
of non-destructive method for measurement of compressive strength of masonry elements
(Aliabdo et al., 2012). However, the most widespread use still represent concrete, as a material
usually supplemented by destructive testing if circumstances permit (Holčapek et al., 2014).
The standard Schmidt hammer type N was used, according to Czech standard (CSN EN 2013).
Due to the preserved external plasters the investigation took place mainly in the interior part.
The schematic cross-section of bunker No. 37 with marked location of performed
measurements is shown on Figure 1. Minimum of 50 measurements were performed on each
place (places in different heights). Also the quality of roof was investigated.

Figure 1. Schematic cross-section with marked places of performed measurements.

2.2 Visual Evaluation
Analyzed bunkers are situated in one location and were built in approximately in the same
period of second half of 1937. Their entrances are not locked, which means that the bunkers are
not protected against vandalism. We can still observe the residua of original timber cladding in
the interior part, as shown on Figure 2 and also on Figure 3. These timber elements were
exposed to moisture and the effects of fungi and microorganisms. An important finding is that
the quality of concrete within a single object is variable. We can observe excellent quality of
surface layer, without any cracks or cluster of aggregate. There are places with very poor quality
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of compaction in the same bunker. We can see reinforcement uncoated by concrete, clusters of
coarse aggregate and other imperfections. This surface was originally covered by timber
cladding and the estimated designed lifetime was only about 20 years, bud if we want to
preserved these objects to future generations, we have to deal also with these problems.

Figure 2. Residuum of internal timber cladding, poor quality of surface layer of concrete.

Figure 3. Insufficient compaction with uncovered steel reinforcement.

3

Results and Discussion

As mentioned above, totally six different locations in the interior part were investigated by
Schmidt hammer. The investigation in exterior part is limited by the protective earth wall in the
front part and also by the residues of masking plasters, but one location was also analyzed.
All results of performed measurements are summarized in Table 1. The first column
describes the location according to Figure 1. Following three columns list the values of tentative

1200

Ondřej Holčapek, Pavel Reiterman and Jiří Pazderka

compressive strength of three different bunkers No. 37. The last row in the table contains the
compressive strength calculated according to destructive test performed in 1937 on cube
specimens with dimension 200×200×200 mm.
Table 1. Results of performed non-destructive measurements.

Designation
Exterior
Interior (I-1)
Interior (I-2)
Interior (I-3)
Interior (I-4)
Interior (I-5)
Interior (roof)
Compressive strength (test
performed in 1937

D-19/22/A-160
[MPa]
67.5
58.1
51.7
56.3
61.2
53.9
59.4
49.5

D-19/47/A-160
[MPa]
59.7
54.3
48.8
63.4
68.9
59.9
58.6
57.5

D-20/4/A-160
[MPa]
N/A
57.8
53.4
59.6
57.8
64.7
53.1
51.4

The strength in the exterior part of investigated bunker D-200/4/A-160 could not be
measured due to well preserved camouflage plasters on the walls. There were several places on
remaining two bunkers, where the plasters did not preserve and it was possible do
a measurement of the concrete wall directly. The properties of concrete in the exterior part can
be influenced by the carbonation process that caused increased strength of the surface layer,
where the measurement took place. It is recommended to mechanically remove thin part of
carbonated layer. Considering the non-invasive approach to testing, this recommendation was
not chosen. Each value from interior part represents an average of at least 50 measurements.
A relatively small spread of values can be observed.

4

Conclusions

Based on performed non-destructive testing of compressive strength, determined by Schmidt
hammer, in different location of light bunkers knows as “Model No. 37” and also according to
visual evaluation we can obtain following conclusions:
-

-

-

The non-destructive testing of compressive strength of concrete plays its important role
for determination tentative quality of concrete structures. The importance of nondestructive testing is increasing in the case of historically valuable structures that we do
not want or cannot damage. Obtained values showed high strength of over 80 years old
concrete and confirmed the strength determined in 1930s on specimens with dimension
200×200×200 mm (according to the army methodology used before WWII).
The quality of concrete from investigated bunkers shows very different properties. On
one object, we can find areas with excellent surface quality and well compacted
concrete. These locations alternate areas with exposed reinforcement and insufficiently
compacted concrete with large gaps. This phenomenon is caused by the originally used
method of compaction with rammer in 1930s. The exposed and uncovered
reinforcement is not a result of concrete´s degradation.
Durability of concrete is very important and currently discussed parameter. In the case
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of studied bunkers No. 37 the durability is closely connected with long-term properties
of concrete and steel reinforcement. All these parameters are connected with the
function of waterproofing (foundations and roof). According to performed in-situ
investigations the biggest problems connected with durability are leaches of minerals
from concrete. Due to the age of structures (over 80 years) extensive carbonation of
concrete can be expected, which is also related to the corrosion of steel reinforcement
with insufficient concrete cover layer. Based on the performed analysis (visual
evaluation and the Schmidt hammer measurements) we can expect long service life and
good durability of bunkers No. 37. At the same time is necessary to provide further
moisture penetration into the structure - restoration of the waterproofing function of roof
and insulation of foundations from moisture. Due to the age of bunkers, we can identify
problems, that affect the overall service life and durability which can be solved by
repairs and reconstruction works and precautions.
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Stability Assessment of Historic Plaster Ceilings on Wood Lath
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Abstract. Plaster (often lime plaster, reinforced with animal hair) installed on wood lath secured to
wood framing was a common ceiling system for hundreds of years in the Americas, and for thousands
of years in Europe. Despite having a relatively good record of stability, some ceilings of this type have
collapsed. Given their overhead position, often above large groups of people, when cracks or localized
areas of displacement or damage occur in these ceilings, the question often arises as to whether the
ceiling is stable and safe. Because procedures for stability assessment of historic plaster ceilings on
wood lath are not well quantified in building codes or technical literature, this article proposes key
considerations and best practices for assessing these ceilings.
Keywords: Historic, Plaster Ceilings, Condition Assessment, Structural Stability, Vibration
Monitoring.

1 Typical Construction
Plaster ceilings on wood lath were a common ceiling system for hundreds of years in the
Americas, and for thousands of years in Europe. European plaster ceilings typically consist of
lime-based plaster (lime and sand) that is reinforced with animal hair, applied to a network of
narrow, closely spaced wood members, that are secured to an overlying structural framework
of larger wood members, either by tying in the earlier examples, or nailing in the later examples.
Similar plaster ceilings applied to dried wood reeds (aka wattle, or wicker) were constructed
over 2,000 years ago, as described by the Roman architect Vitruvius in the first century BCE
in his treatise De Architectura [Vitruvius]. Multiple 500 year-old examples of this plaster
ceiling construction survive from the Italian Renaissance.
Historic examples in the USA survive from as early as the mid-18th century, and were
typically constructed of lime-based plaster with animal hair fibers (Fig. 1A), similar to earlier
European examples; however, closely spaced wood members are lath (long slender wood
pieces) rather than dried reeds. Prior to the early 19th century, the wood lath was typically riven
(i.e., hand-split), and from the early 19th to the early 20th century, the wood lath was typically
sawn. In both cases, pieces of the wood lath were approximately 6 mm thick by 60 mm wide,
with gaps approximately 6 mm wide between the long edges in sawn lath, and approximately
2-6 mm wide between the long edges of riven lath. The lath is secured to the overlying structural
wood framing (e.g., the floor framing of the roof or attic above) by smooth shank nails, installed
from the underside. Prior to the late 19th century, the nails were either hand-forged wrought
nails or cut nails, which both have a wedge-shaped profile, tapering from head to tip. After the
late 19th century, the nails are typically wire nails, which have a uniform cylindrical shank and
a point only at the tip.
In both European and US examples, the dense network of slender wood members (dried
reeds or lath) are intentionally spaced with gaps between the long edges to provide space for
the wet plaster to be forced between the gaps and create hardened plaster “keys” on the topside
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of the lath or reeds, that are wider than the gaps, and thus form lines of mechanical interlock
between the plaster and the topside of the reeds or lath. In both European and US examples,
whether tied or nailed from below, the connection of the dried reeds or wood lath to the
overlying structural wood framing is a tensile connection.

2 Typical Failure Modes
Failures of these historic plaster ceilings in the US typically fall into one of two primary failure
modes: 1) failure of plaster keys (Fig. 1B), or 2) tensile failure or “pull-out” of the nailed
connections of the lath to the overlying wood framing (Fig. 1C).
Fig. 1A

Fig. 1B

Fig. 1C

- SECONDARY FRAMING

Figure 1. Typical historic plaster ceiling construction on wood lath (Fig. 1A) and two primary failure modes:
plaster key failure (Fig. 1B) and fastener “pull-out” (tensile) failure of supporting framing connections (Fig.1C).

Multiple causes (e.g., impact damage, structural over-loading, moisture-related
deterioration, excessive deflection, or lateral movement, excessive vibration, etc.) can
contribute to the two primary failure modes for historic plaster ceilings, failure of the plaster
keys and tensile failure of nailed connections, which are described below in more detail.
2.1 Failure of Plaster Keying
Deteriorated, damaged, insufficient or otherwise failed keying of the plaster can lead to loss of
mechanical interlock with the wood lath and localized failure of the plaster. However, this
failure mode does not tend to lead to progressive widespread collapse of entire ceilings. Rather,
this failure tends to be self-arresting. As unkeyed, debonded plaster starts to separate and
displace downward from the wood lath, the self-weight of the debonded area may exceed the
remaining interlock capacity of the remaining plaster keys, if any, and cause a relatively small
(< 0.1 m2) displaced piece to break off (as a result of the low shear strength and flexural strength
of the plaster) before the displaced piece becomes relatively large (Fig. 1B). Generally, this
failure mode tends to result in the falling of relatively small pieces of plaster alone (with no
wood lath or framing). Given the light weight and friability of the lime plaster, plaster pieces
of this size (< 0.1 m2) generally do not pose a significant life safety risk when they fall. When
evaluating the condition of plaster keys, it is helpful to distinguish between the original
condition and current condition of the plaster keys, because the severity and extent of currently
damaged keys, compared to the condition and performance of the original plaster keys, will
inform to what extent one can or cannot rely on the track record of performance of the keying
as testament to its current stability.
Original Adequacy of Plaster Keys: The adequacy of the plaster keying through the lath,
as originally constructed, depends on how well-keyed (mechanically interlocked) it is with the
topside of the wood lath to which it is applied. Substantially interlocked plaster keys are clearly
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wider than the corresponding gap in the lath, and thick enough where they pass over the back
edge of the lath to resist a shear or flexural failure within the plaster key. Keys that are at least
twice the width of the gap, and with a thickness of plaster of at least 6 mm above the top edge
of the lath, we consider to be “good” keys. By contrast, we consider “marginal” keys to be
barely wider than their corresponding gap in the lath, with minimal thickness (less than 6 mm)
where they pass over the top edge of the lath. We consider “poor” keys to be equal to or less
than the width of their corresponding gap in the lath. In any ceiling installation, the best keys
tend to occur at more vertical portions of the ceiling, where the wet plaster keys were applied
with more ease and sagged down and over the topside/backside of the wood lath during the
original installation. In the more horizontal portions of a plaster ceiling, where gravity does not
aid in the formation of keys, good keying was achieved only when the workers forced sufficient
plaster through the gaps in the lath with sufficient hand pressure on the trowel. Thus, the quality
of the original keying in horizontal (overhead) conditions relied heavily on workmanship.
A common approach in evaluating ceilings is to conservatively consider marginal keys as
not contributing to the reliability of the plaster ceiling attachment. However, in our experience,
reviewing the performance of plaster ceilings a century or more old, good keys are quite
reliable, and even marginal keys may perform well long-term. One historic ceiling we examined
that is constructed primarily of marginal keys has performed relatively well for 200+ years,
with only a few highly localized failures (e.g. locations where less than 0.1 m2 pieces of plaster
have fallen from the ceiling). While clearly not as strong or reliable as “good” plaster keys,
marginal plaster keys likely still contribute to the reliability of the plaster ceiling attachment,
unless there is evidence of marginal key failure or site-specific testing is performed. While there
is no definitive research indicating whether “poor” plaster keys contribute to the load-carrying
capacity of the ceiling attachment through friction between the sides of the plaster key and the
wood lath, we conservatively consider “poor” plaster keys as not contributing to the overall
reliability of the plaster ceiling attachment, regardless of whether displacement is evident,
unless site-specific testing is performed.
Current Condition of Plaster Keys: Where keys are cracked, deteriorated, separated, or
otherwise damaged, their current condition (e.g., of good, marginal or poor) should be based
on their remaining intact section, rather than their original width or thickness. In cases where
relatively little damage has occurred to the keys since their original construction, one can more
reasonably rely on the track record of performance of the keying as a testament to its current
stability, since the adequacy of the keying has not been significantly diminished. Conversely,
in cases where extensive damage has occurred to the keys since their original construction, one
cannot reasonably rely on the track record of performance of the keying.
2.2 Failure of Supporting Wood Framing
Failure of the overlying structural wood framing, and/or its connections can potentially lead to
progressive collapse of the entire plaster ceiling. Indications of this failure mode are often
visible at the topside plaster framing and include gross withdrawal (“pull-out”) of nailed
wood-wood connections (often smooth shank or tapered nails), or gross displacement of wood
members or connections (Fig. 1C). When an individual connection pulls out, the loads and
stresses tend to redistribute to the adjacent connections, potentially causing them to become
overstressed and more likely to pull out, which can cause a “domino effect” leading to
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progressive collapse of the entire plaster ceiling (i.e., the plaster, wood lath and wood framing,
not just the plaster). As such, this failure mode presents a far more significant risk to life safety
than the more common (and generally self-arresting) failure mode of inadequate plaster keying.

3 Stability Assessment: Current Common Practices
Numerous publications we reviewed emphasize that visual survey is the initial step for plaster
evaluation. However, visual survey of plaster is subjective and damage is not consistently
defined. Multiple publications also agree that damage visible at the underside of a plaster ceiling
often correlates with damage on the topside of the plaster ceiling (Stewart H., 2011; Goeke,
2008). While some practitioners employ destructive tactile tests (i.e., prying of plaster keys
from the topside with light hand pressure to determine whether the plaster breaks) to evaluate
topside conditions, in our opinion this test is problematic and ill-advised because it is
destructive, non-qualitative and highly subjective. If deemed necessary, hands-on assessment,
testing, and/or instrumented monitoring may supplement the initial visual assessment of plaster.
Current literature does not clearly define the condition of plaster keys (e.g., “good”, “fair”,
“poor”). While most publications agree that the percentages of damaged plaster keys are an
approximate indicator of the overall condition of the plaster (Stewart. R, 2013), percentages
that define plaster conditions vary widely in currently available literature, ranging anywhere
from 30%-70% loss of plaster keys in a given area as meriting repair. Further, the pattern of
plaster damage (e.g. whether plaster key loss is highly concentrated or uniformly distributed
over a given area) that distinguishes “good” from “fair” or “poor” is not consistently considered
as a factor in the overall condition or stability of plaster ceilings.

4 Recommended Best Practices for Stability Assessment
4.1 Three Step Approach to Initial Visual Assessment
Visual Assessment: An initial visual assessment of plaster ceilings is a generally accepted
part of plaster evaluations. We recommend the visual assessment is best achieved using the
following three step approach:
-

-

Visual review of the underside plaster surface to document cracking and out-of-plane
displacement (e.g., sagging, vertical offsets) that may indicate damage or
deterioration. This survey is best done first, so that areas of damage at the underside
can be examined more closely and correlated with damage identified at the topside.
Visual review of the topside wood framing to document any indications of gross
withdrawal (“pull-out”) of nailed wood-wood connections, or gross displacement or
deterioration of wood members or connections.
Visual review of the topside plaster keys to categorize the adequacy of mechanical
keying of the plaster into the lath as good, marginal or poor (as previously defined).

Correlating Visual Review of Plaster keys with Tactile Assessment: The visual
assessment of the topside plaster should include gentle, non-destructive tactile assessment of a
localized area of plaster keys, after a visual-only assessment of the same area. The goal is to
correlate the two methods in a representative area and confirm that the visual-only survey of
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the plaster keys does not overlook concealed damage to plaster keys that was found in the tactile
survey. If visual and tactile assessment of representative areas yield similar results, proceeding
with a visual-only survey (with intermittent tactile testing) is appropriate.
Documenting Current Conditions: Clear, consistent documentation of the existing
conditions is critical. Documentation should include clear definitions of each condition (e.g.,
good, marginal, poor), and indicate the location and condition of keys or panels. Any imminent
safety hazards should be identified on-site during the visual assessment, not postponed until
synthesis.
4.2 Additional In-Situ Testing or Monitoring
In-situ “pull” testing (tensile testing conducted from the underside) of representative types of
keys and derivative calculation to determine the actual factor of safety in representative areas
can be used to refine the initial approximate criteria for critical percentages of plaster damage
with respect to stability. If the ceiling is vaulted, it is preferable to conduct pull tests data on
both horizontal and approximately vertical applications of each plaster condition type to get the
full range of existing conditions. Pull-testing is most prudent when conservative assumptions
and approaches would otherwise lead to invasive recommendations. If vibrations are suspected
to be contributing to plaster damage, vibration monitoring may be prudent (Section 5).
4.3 Synthesis
Synthesis of the information gained from the in-situ assessment is needed to evaluate the overall
stability of the plaster ceiling, to identify any potential risks, and to develop recommendations
for repair. We divide the synthesis into the following steps:
Initial Categorization – As a first step, classify areas of plaster keys into condition
categories (e.g., “good”, “marginal”, “poor”) based on the percentage of poor keys in a known
area. Initial categorization should also include review of the overlying framing and connections.
We often graphically depict condition categories as distinct colors on a ceiling plan, to help
visualize patterns and areas of concern.
Review Performance History – Understand the performance history (i.e., “track record”)
of how the plaster keying has performed over time (e.g., few or many areas of previous repair
or fallen plaster) to evaluate to what extent undamaged original keying can be relied upon,
especially undamaged original “marginal” keys. Compare the current conditions to those of
other plaster ceilings of similar construction and the track records of those ceilings.
Assess Sources of Deterioration – For areas where plaster and/or supporting framing is
deteriorated or damaged, assess whether source(s) for deterioration are active (e.g., a roof leak),
and if so, whether they can be mitigated.
Calculate the Factor of Safety – To assess whether plaster keying conditions are at risk of
failure, calculate the ceiling-specific factor of safety for the range of typical conditions and
orientations present. The factor of safety (FS) under gravity-loading conditions (not seismic)
consists of FS = Pfl/Psw, where Pfl is the failure load applied to the plaster during the tensile
“pull” test, and Psw is the self-weight of the plaster for the same surface area. Standard structural
engineering procedures and calculations can be used to evaluate the safety and stability of the
supporting wood framing and connections.
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5

Recommended Best Practices for Vibration Monitoring

5.1 Standards for Protection of Historic Buildings from Vibration Damage
There are numerous guidelines and publications for the protection of historic buildings from
vibrations; however, various factors make it difficult to directly apply the criteria in these
guidelines to evaluating the stability of historic plaster ceilings:
- Criteria for minimizing the probability of damage to existing buildings vary widely
(e.g., typical values for peak particle velocity range from 0.06 to 2.0 in./sec.).
- Criteria tend to be conservative, in that they are typically created to define low vibration
levels at, or below, which damage almost certainly will NOT occur, to be relatively
certain that vibrations from nearby construction will not damage an historic building.
Thus, they are NOT intended to define a threshold at which damage WILL occur.
- Furthermore, these criteria tend to be based on vibration measurements taken at grade
outside the historic building, closer to the external source of vibration, not inside the
building or at a plaster ceiling itself (where the same external vibrations would measure
at lower levels). Thus, these criteria are even more conservative when applied to internal
vibration sources as measured at the interior.
Based on our review of various articles (Johnson, Hannen), as well as common vibration
standards (e.g., the British, German, and Swiss Standards), the vibration guideline values listed
in the Swiss Standard for Building Class 4 (i.e., the most sensitive class for historic and
protected buildings) is often referred to as the most appropriate standard for evaluation of
historic or sensitive materials. Further, the vibration criteria provided in the Swiss Standard are
generally more conservative than other commonly referenced standards. Thus, by selecting the
most conservative vibration criteria (i.e. 0.06 in./sec.), in one of the most conservative standards
as the threshold vibration limit for monitoring and further review, it is highly unlikely that
aesthetic or structural damage will occur if vibration levels in the plaster are less than 0.06
in./sec. Because the Swiss Standard and others are not directly applicable and likely highly
conservative, these standard values should be treated as initial values that will likely require
further evaluation and refinement. In some cases, ambient vibrations (i.e. vibrations
experienced by the plaster ceiling regularly) or anticipated vibrations exceed these conservative
limits. In these cases, project-specific vibration monitoring and/or testing may allow lessconservative project-specific threshold vibration criteria to be established for specific ceilings.
5.2 Continuous and Discrete Vibration Monitoring
A successful vibration monitoring program must achieve two primary objectives: 1) quantify
the vibration levels experienced by the plaster over time and 2) evaluate specific vibration
sources that pose a potential risk of damaging the plaster. Continuous vibration monitoring over
an extended period of time, at the point of interest (i.e. at the topside of the plaster) quantifies
both the ambient (typical) and atypical vibrations at the plaster ceiling. When ambient
vibrations fall below the conservative industry thresholds, vibrations are highly unlikely to
cause plaster damage. Where ambient vibrations levels are higher than these thresholds,
however, vibrations will not necessarily cause damage to the ceiling. By contrast, this may
confirm that the industry standard vibration criteria are not appropriate. Additionally, the type
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and regularity of occurrence for each vibration source that coincides with high vibration levels
should be taken into consideration (some standards do not account for these factors).
All potential vibration sources identified during continuous monitoring as exceeding the
ambient or industry-standard threshold should be further assessed by discrete vibration testing
of those specific sources, isolated to the greatest extent possible. Consider vibration monitoring
information jointly with the plaster condition assessment to determine whether any of the
plaster damage is likely associated with suspect vibrations sources. For example, where
damaged plaster keys are highly concentrated adjacent to walkways at the topside of the ceiling,
vibration monitoring can help to evaluate whether the damage is from accidental direct impact
(e.g., individuals bumping into the plaster) or transferred vibrations (e.g., from footsteps on the
walkway transmitted through rigid connections to the ceiling framing) (Fig. 2).

Figure 2. Example of vibration measurements collected at the topside of a plaster ceiling (where plaster damage
was concentrated adjacent to attic walkways) during targeted vibration monitoring of an historic plaster ceiling.

In turn, this diagnosis should inform the recommendations to mitigate the problem
(e.g., implementing a protection system to mitigate accidental impact, or developing a
dampening system to mitigate walkway vibrations, respectively).

6

Conclusion

Historic plaster ceilings on wood lath have been used for thousands of years, in many countries
on multiple continents, and are a valuable historic resource well worth preserving. Despite some
failures, plaster ceilings on wood lath generally have a reliable track record. The two most
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common failure modes are failure of plaster keys and failure or “pull-out” of the supporting
wood framing, the latter of which can result in progressive or whole-sale collapse. While
vibrations are seldom the driving mechanism for failure, vibration monitoring is helpful in some
cases where vibrations are a suspected cause of damage. In the US, the lack of guidelines or
standards on how to evaluate historic plaster ceiling stability, and relatively little technical
literature on the topic has been a hindrance to their proper evaluation of life safety/stability.
Based on our experience, we utilize and recommend the condition and stability assessment
procedure described herein, which includes documenting the original and current condition
through visual assessment and correlation of visual observations with intermittent tactile
assessment and empirical comparisons, in-situ testing and/or monitoring where prudent, and
development of evaluation criteria and recommendations through post-processing and
synthesis.
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Abstract. Stone masonry is the oldest form of construction in the world until the beginning of the 20th
century. The first stone walls were constructed by farmers and primitive people by piling loose field
stones into a dry stone wall. Later, mortar and plaster were used, especially in the construction of city
walls, castles, and other fortifications before and during the Middle Ages. These stone walls are
spread throughout the world in different forms. Stone walls are usually made of local materials
varying from limestone and flint to granite and sandstone. However, the quality of building stone
varies greatly, both in its endurance to weathering, resistance to water penetration and in its ability to
be worked into regular shapes before construction. Also, the majority of buildings in Greece at the end
of 19th century up to the use of concrete in constructions are load-bearing stone masonry structures.
Moreover, research shows that it is the most widely construction material in industrial buildings, that
era. As it is known, stone masonry has high compression strength under vertical loads but has low
tensile strength (against twisting or stretching) unless reinforced, while the tensile strength of masonry
walls can be increased by thickening the wall. In general, industrial buildings constructed of stone
masonry, from late 19th to early 20th century, have particularities in their typology because they were
directly dependent on their mechanical equipment and production line. The aim of this study is to
investigate the contribution of stone masonry as a construction material in the typology of these
industrial buildings concerning their durability.
Keywords: Stone Masonry, Durability, Stone Masonry Properties, Traditional Constructions,
Industrial Buildings’ Typology.

1 Introduction
Stone masonry is a traditional form of construction practiced for centuries in the regions
where stone is locally available (Khan, Lemmen, 2013). Until the emergence and wide use of
steel around the mid-20th century, load-bearing masonry was the only building material up to
date in the construction of various works around the world. Exceptions were areas where
wood was used exclusively for building. In countries with a tradition in using masonry
constructions and where there was no strong seismicity such as Great Britain new buildings
up to four floors using bearing masonry techniques are still constructed.
This type of masonry is still found in old historic centres, often in buildings of cultural and
historical significance, and in developing countries where it represents affordable and costeffective housing construction. This construction type is present in earthquake-prone regions
of the world, such as Mediterranean Europe and North Africa, the Middle East, India, Nepal,
and other parts of Asia.
Houses of this construction type are found both in urban and rural areas. There are broad
variations in their shape and the number of storeys. Houses in rural areas are generally smaller
in size and have smaller openings since they are typically used by a single family. Buildings
in urban areas are often of mixed use, that is, with a commercial ground floor and a
multifamily residential area above. Houses in the countryside are built as stand-alone
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structures, while the neighboring houses in old town centers often share a common wall.
Moreover, research shows that it is the most widely construction material in industrial
buildings, after the first Industrial Revolution. Between the end of the 19th and the beginning
of the 20th century, industrial buildings constituted a large part of the cities’ urban fabric,
especially ports, such as Piraeus in Attica, Volos in Thessaly, Syros in the Cyclades etc.,
constituting an important chapter in the architectural development of each area. Therefore,
their typological structures as well as their morphology, in relation to their structural
construction system, which is bearing stone masonry and its durability, need special study.

2 Stone Masonry: Building Materials and Construction Technology
The main components of stone masonry are simple stones and synthetic mortar. Stones come
mainly from sturdy rocks, which after a short or a long process get the proper shape to be
suitable for the construction of the project. From a geological point of view, and depending on
the way the rocks are formed, the natural stones used in building construction can be
classified according to their origin as igneous, sedimentary and metamorphic.
The igneous stone principally used in building is granite, which was formed from the
fusion of minerals under great heat below the earth’s surface many thousands of years ago.
Sedimentary stone was formed gradually over thousands of years from particles of calcium
carbonate or sand deposited by settlement in bodies of water. Gradually layer upon layer of
particles of lime or sand settled into depression in the earth’s surface and in course of time
these layers of lime or sand particles became compacted by the water or earth above them.
Metamorphic stones have been changed from igneous or sedimentary stone or from earth into
metamorphic stone by pressure, or heat, or both in the earth’s crust. Examples are: a) marble
which was formed from limestone and slate and b) shale formed from clay (Anmol, J.-10:
2019).

Figure 1. Stone masonry constructions.

Stone masonry is the most common type of masonry in Greek traditional architecture due
to the abundance of stone in many places in Greece. They can be distinguished in coursed
rubble masonry and uncoursed rubble masonry (Fig1.). The coursed rubble masonry walls
have more durability due to the better fitting of the stones and homogeneity. However, they
require larger and better quality of stones, in order to have quantity and quality material for
achieving the best possible fitting. Furthermore, highly skilled craftsmen are required to carve
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the stones properly. The highest level of coursed rubble and durability, was achieved by the
creators of the marble buildings in the Acropolis rock, in Athens. The carved stones were so
well fitted together that no mortar was needed and their interconnection was finalized with
internal metal fasteners.
On the other hand, uncoursed rubble masonry has the disadvantage of less durability, due
to the poor adhesion of the stones and the high proportion of mortar required to fill the gaps.
Another factor of less strength is the heterogeneity of the stones, since their irregular shape
requires the use of different sizes to fill the gaps. Typical traditional architecture adopts an
intermediate state using the coursed rubble stones are in the most sensitive parts of the
building (corners, base, crown), and the uncoursed rubble stones in the least sensitive or
visible parts of the building. Although brick masonry is very common in lowland areas where
stone is scarce, as well as in northern Europe, in areas where the stone is abundant, there are
brick masonry constructions, because they have some advantages over stone masonry such as
the light weight of the bricks compared to the stones and the standardization of their
dimensions (Ravi et al., 2014; Francis et al., 1971).
Mortar, the binder material between the stones in masonry, is called the mixture consisting
of fine aggregates (maximum aggregate grain diameter 4mm), cements such as binder and
treatment water, having a wide variety of compositions and strengths (ASTM C 27010:1019). Generally, the use of mortars makes the stonewall a comprehensive body, carrying
safely the loads it was designed for and remaining also unchanged over time. Mortar’s
mechanical properties have a catalytic effect on the masonry characteristics. An additional
factor of diversity is the construction type or otherwise the “knitting” way of masonry
construction, giving to the stone masonry a distinct character and some additional features,
such as better bonding and stone durability.
Structural walls are supported either by stone masonry strip footings or not. Floor
structures in towns and historic centers are vaulted brick masonry at the ground floor level
and timber joists at the upper floor levels. Timber joists are usually placed on walls without
any physical connection. The original floor structures in historic buildings have typically been
replaced either by a precast joist system or by solid reinforced concrete slabs especially in
Italy (WHE Report 28-8:1019) and Slovenia (WHE Report 58-8:1019).

3 The Structural Stone Masonry Mechanical Behavior and Durability
Under Vertical and Seismic Loads
The mechanical behavior of masonry is characterized by:
-Relatively high compressive strength.
-Extremely low tensile strength.
-Relatively satisfactory shear strength.
-Strongly anisotropic behavior.
The high compression strength of the masonry compared to its other mechanical properties
also determined its use as a mainly compressed load bearing component (Stylianidis et al.10:2019). Both the strength and type of failure of compression masonry are strongly
influenced by the angle of the compression force as to the direction of horizontal joints
(anisotropy).
When a masonry construction is being pressed perpendicularly to the main horizontal
joints, usually, fails due to transverse splitting of the stones, due to the development of tensile
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strength in transverse directions. These tensile strengths are caused by the reconciliation of
the large transverse deformations of the mortar joints with the smaller ones of the bricks,
which causes corresponding transverse adhesion in the mortar. Thus, under axial compressive
loading of the masonry, triaxial strength is developing on the stones and joint mortar. When
using the term masonry strength refers to the compressive strength perpendicular to the
horizontal joints (Tensing et al., 2013).
The compressive strength of the masonry depends on:
1. The properties of stones, such as their strength, type and geometry.
2. The characteristics of the mortar such as its durability and composition.
3. The prevailing conditions in masonry i.e. the manner of engagement of masonry.
4. The material and the thickness of the joint.
5. How to apply and effect concentrated loads.
6. The quality of construction.
On the other hand, features of weaknesses in masonry are due to the behavior of the
contact interface, mainly, along the repeated horizontal joints that have been characterized as
"weak levels of masonry". The tensile strength of the masonry is clearly much lower than the
compression, varying and depending on the angle of the tensile strength in the horizontal
joints. In particular, the tensile strength of the bearing masonry is low, being perpendicularly
to the horizontal joints and greater when is parallel to them. In case there is tensile strength on
the joints, the mortar will be detached. Usually, the tensile strength being parallel to the joints
is greater the tensile strength is greater, because of the resistance to sliding mortar or stone, as
well as, the tensile strength of masonry.
Factors affecting tensile strength of masonry:
A. Joint resistance to detachment
B. Tensile strength mortar.
C. Mortar coherence.
Masonry’s behavior in shear compression is more satisfactory, as the incurred structure
passes through various stages, until reach the crash stage. Pressing under vertical loads is
clearly defined, but it is not the same in case of seismic pressing. Even after the simplification
of the earthquake action in the two main directions of the building, the size and distribution of
the seismic intersection (also between the vertical load-bearing elements of each floor)
depending on the geometric and dynamic mechanical characteristics of the bearing organism,
remains unpredictable (Kaaki, 2013).
The most important factors affecting the seismic performance of these type of buildings are
the strength of the stone and mortar, the quality of construction and the density, distribution of
structural walls and wall intersections and floor/roof-wall connections (Costa et al., 2011).
Stone masonry construction generally shows very poor seismic performance. Poor quality
of mortar is the main reason for the low tensile strength of rubble stone masonry. Timber
floor and roof structures are usually not heavy and therefore do not induce large seismic
forces. However, typical timber floor structures are made of timber joists that are not properly
connected to structural walls. These structures are rather flexible and are not able to act as
rigid diaphragms. Due to their large thickness, stone masonry walls are rather heavy and
induce significant seismic forces.
Typical damage patterns for built rubble stone masonry are delamination and
disintegration, infilling in weak mud mortar with many air voids. Out-of-plane failure can
occur when the connections between the exterior and interior walls are inadequate. When the
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connections between the perpendicular walls are strong, the wall shear capacity can be
exhausted, thus causing typical shear cracks can be developed.

Figure 2. Dracopoulos Textile House, Athens, Greece (1882). Figure 3. Politis Factory, Piraeus, Greece (1882).

Figures 4, 5, 6. Power Plant in Karditsa, Greece (1909).

Figures 7, 8. Water Pumping Station building, Thessaloniki, Greece (1890-1892).
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4 Typological and Material Characterization of Stone Masonry Durability
in Industrial Buildings
Basic properties of stones for stone masonry are strength and durability, while economy and
appearance are additional values. The main considerations for durability are the lasting
qualities of stone itself and the locality where it is going to be used. Porous stones are
unsuitable for areas prone to heavy rainfall and frost. Stones, e.g. marbles having low porosity
and low coefficients of expansion and contraction should be used in areas subjected to large
variations in rainfall and temperatures. Generally, lime and cement mortars are used for stone
masonry, providing a workable matrix and ultimately a hard building material, which renders
masonry into a monolithic unit.
As a matter of fact, the typology of traditional industrial buildings has been characterized
by the elongated rectangular shape of the ground plan (Fig 8,9.), which contained the
mechanical equipment for the production of the products. These elongated rectangular
industrial buildings must have very thick walls (from 0,50 to approximately 1,00 meter,
depending on the building’s size: height and length) in order masonry durability to be
increased. Also, this building’s shape proves that the layout of the machines was not random,
but was arranged in a linear layout to facilitate the production line. Using the perimetric
bearing stone masonry, which was the structural construction system until the early 20th
century, it was possible to construct most of the rectangular elongated buildings, or even
having a square ground plan (Cheirchanteri, 2014).
The entrance of this type of buildings was most often located in the center of the narrow or
longitudinal side, in such a way, that the production line was not interrupted. In this
construction building system, although the openings were large, symmetrical, repetitive and
sometimes arched, interior lighting was not sufficient in the middle of the building. As a
result, elevated skylights were installed along the roof in order to enhance lighting (Fig
7,10,11.), (Cheirchanteri, 2014).
Masonry advantages, usually, include thermal insulation, fire safety, durability, ecological
recycling materials of the building at the end of its lifetime and the elegant façade appearance.
Among the disadvantages is the diversity of the stones, which makes its mechanical behavior
unpredictable, contributing in the great difficulty of standardizing materials and methods
(Phan et al., 2003).

Figures 9, 10, 11. Power Plant building in Larisa, Greece (1913).
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4.1 Stone Masonry Greek Industrial Buildings’ Typology and Construction Durability
Until World War I, the typology of industrial buildings in Greece was the same as in Europe.
The architectural volumes of these buildings were adapted to the shape and size of the
mechanical equipment, as well as to the needs of the production cycle, unlike to other private
and public buildings of that era, in which the shape, size, and layout were following strictly
by the stereotypes, dictated by neoclassicism.
The basic type of these industrial buildings was the elongated rectangular shape, while the
facilities were formed by the layout of many similar units. The machines were positioned
across the production area, due to the motion transmission way and the side windows
location, which were the only source of natural light for the workforce. Most of them were
constructed using traditional techniques. It should be noted that industrial buildings were
morphologically influenced by neoclassicism. According to their characteristics they were
classified into three categories: the traditional industrial buildings, the monumental and the
ragged in shape.
The industrial ground floor buildings constructed until 1900, were usually using in
masonries stones cut and dressed to proper shapes, as well as, double incline roofed
contractions, with small rectangular repeated openings. The stone masonry of these buildings
was load-bearing, made of traditional materials such as wood, stone, tiles, and in many cases
cast iron and steel. But their dominant feature was the incorporation of local architectural
elements, achieved using traditional materials and construction methods. Concerning
construction durability, bearing walls used to be very thick, about 1,00 meter, because of their
very big height and length, which were demanded for their mechanical equipment.
A typical example of a traditional industrial ground floor building, built in 1882 in Athens,
is the Drakopoulos Textile House (Fig 2.). It was one of the rare occasions among the first
factories that the building was outstanding (variety of apertures, classic pediment on the
façades, elaborate details, characteristic patterns), as opposed to the simple form of other
factories in Greece. Also, the Politis factory in Piraeus (Fig3.), built between 1907 and 1916,
had the same treatment as the first ground floor industrial buildings. The arched openings
were dominant, while the consecutive double incline roofs had jagged architraves, with
double skylights windows in the center, forming small, rectangular openings (Cheirchanteri,
2014).
The Turbine House of the Larissa’s Power Plant in Thessaly (1913, Fig 9,10,11.), was a
building with an oblong rectangular ground plan and a double incline tiled roof elevated on its
central part, completing natural lighting and ventilation of the building. On the other hand, the
Power Plant in Karditsa city, also in Thessaly area (1909, Fig 4,5,6.) was an industrial
complex of two buildings, one and two-storey, correspondingly. Additionally, noteworthy is
the monumental Water Pumping Station building in Thessaloniki (Fig 7,8.), built by Belgian
engineers in 1890–1892. The metal elements in combination with the bricks in the prominent
masonry of the building formed a radical façade appearance (Cheirchanteri, 2014).

5

Conclusions
-

Stone masonry as the oldest traditional form construction in the world was also the
most popular construction material in industrial buildings, after the first Industrial
Revolution. The typology of industrial buildings in Greece was the same as in Europe,
where the architectural volumes of these buildings were adapted to the shape and size
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-

of their mechanical equipment and production needs.
The typology of traditional industrial buildings in Greece was characterized by the
elongated rectangular shape of the ground plan, which depended on the stone masonry
load-bearing construction system and the mechanical production equipment.
Stone masonry has high compressive strength under vertical loads, but has low tensile
strength (against twisting or stretching) unless reinforced, while the tensile strength of
masonry walls can be increased by thickening the wall.
Concluding, the stone masonry contribution in Greek industrial buildings’ typology
and construction durability has been proved by the elongated rectangular shape ground
plan, which includes the arranged linear machines layout, in order to facilitate the
product line. Concerning the industrial buildings construction durability, it was
achieved by the big thickness of bearing walls, despite their length and height. In
many occasions they were big enough due to the requirements of the mechanical
equipment, which was located inside the buildings.
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Abstract. A two-storey masonry pre-war shop house in Taiping, Malaysia was badly affected by
construction being undertaken at an adjacent lot. The building was in a serious state of disrepair and on
the verge of collapse at the time of the investigation and temporary propping and a stoppage of adjacent
works had to be imposed. For the remedial intervention a rapid approach was critical with materials and
methodologies selected to incur minimum additional impacts on the building in terms of physical works
and with flexibility on site. Several innovative techniques developed for the structural intervention of
masonry buildings was considered. In this case the masonry wall cracks were repaired by a stitching
method using the glass fiber rod maperod g which was considered a suitable material due to the
compatibility of modulus of elasticity (40,800N/mm2) to the lime mortar, having good tensile strength of
760 N/mm2 to help bridge the cracks in case of further movement and is also corrosion resistant and will
remain protected in future even though it is embedded in a highly porous masonry substrate. The materials
used were easily transportable, flexible (ie) could be prepared to requirements on site and could be
delivered to site quickly despite this being imported. The approach taken resulted in a rapid reinstatement
of the building, minimised the risk of losing heritage features and matched the client’s overall objectives.
The paper provides details of the approach taken and the basis for the remedial intervention.
Keywords: Masonry, Structural Cracking, Remedial Intervention, Glass Fibre Materials.

1 Introduction
1.1 Project Background
A masonry shop house in Taiping, Perak in Malaysia was badly affected by construction being
undertaken at an adjacent lot. There was significant evidence of settlement at the front and back
of the building, leading to significant cracking of a party wall, front and rear walls and the main
walkway Arch Supporting the upper floor and wall.
The building is a 2 storey pre-war shop house with an overall layout plan as shown in Figure
1. The building housed a family business until adjacent construction activity forced the owners
to move from the premises due to an eviction order imposed by the local authority arising from
the dangerous state of the building. The actual construction details of the adjacent building was
not made available but the site visit confirmed that the original 2 storey building next door had
been torn down to make way for a 3 storey structure on piled foundations with a lift at the rear.
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Figure 1. Plan View of Shop House.

The only precaution taken to protect the shop house was an attempt to support the common
corridor arch at the front of the building with Timber Props which was totally inappropriate for a
structural masonry arch and had potentially accentuated the serious damage caused by imposed
stress concentrations due to the settlement and vibration. The structural Engineer who designed
the new adjacent 3 storey shop house was asked by the local authority to provide a report and a
basis for remedial intervention. The initial suggested approach to epoxy inject the cracks were
considered wholly inadequate and not a serious measure of what was required to reinstate the shop
house to its original design intent and to guard against long term settlement and cracking
associated with the disturbed foundations. A site walk through was undertaken to view the
condition of the structure and this is discussed below.
1.2 Condition Audit
There was considerable evidence of settlement of the columns in gridline A/1-3 as shown in Figure
2. This led to uneven loads on the masonry columns causing the characteristic structural cracking of
the Arch, where cracks of up to 50 mm in width were noted. A closer examination of the party wall
from the adjacent shop house confirmed that the structural cracking extended to this wall along
Gridline A2- A5 where cracks of up to 30 mm were noted. In general the party wall away from the
new development was structurally intact. An immediate intervention was proposed to structurally
reinstate the front Arch, the common party wall along gridline A and other settlement and cracking
points. It was noted that the building was not loaded with the full complement of live loads which
can be expected. The cracking on the walls and the Corridor Arch were clearly to do with settlement
and vibration loads associated with the adjacent construction, rendering the building unsafe to use at
the time of the investigation. There was also a considerable amount of water ingress into the building
particular at gridline A-B’/5-7 and also at the building corners at gridline A1 and A5 which had not
been a problem previously. Based on the visual survey the key defects noted are summarised in
Table1.
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Figure 2. A Record of the defects at the Main Arch at the Shop House Front and at the Party Wall.

2 Engineering Features
2.1 Overview
Demolition of masonry shop houses and rebuilding is often considered the preferred option when
such structures come into disrepair. Increasingly however repair and refurbishment is seen as a
more sustainable option in terms of architectural value, materials use, neighbourhood disruption,
waste disposal and overall cost. By avoiding expensive demolition and rebuild, the development
of repair and refurbishment techniques retains the aesthetic and historic value of a building
including its appearance and providing a sustainable structural solution. It also potentially reduces
costs.
Where defects are related to settlement, it is necessary to repair or underpin the foundations
before any stitching of the cracks on the brick masonry. In historic buildings, it is important to
preserve as much of the original materials as possible and consider repair options which are
relatively reversible and do not damage the original building fabric.
2.2 Options for Structural Reinstatement
The building was in a serious state of disrepair and on the verge of collapse. Temporary propping
and a stoppage of adjacent works had to be imposed. A rapid approach was critical for the
intervention, with materials and methodologies selected to incur minimum additional impacts on
the building in terms of physical works and with flexibility on site.

1221

Kribanandan Gurusamy Naidu

Table 1. Summary of Condition Audit Findings.

Item
1

Type of Damage
Damage to
Footings Leading
to Settlement

Location of Damage
Party Wall
between unit 150
and 152, Gridline
A1-7

2

Structural
Cracking of the
Arch and
associated Party
Wall

At the Front Corridor
Gridline A/1 - 3

3

Wall Crack

Party wall between
Gridline A/2 - 4

4

Window Lintol
and wall Cracks
Settlement Cracks
at the Rear of
Building
Level 1 Cracks
Leading to Water
Ingress

Gridline A-B/1

5
6

7

Other Areas of
Water Ingress

8

General
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Gridline A-B/7
A-B’/5-7

A1 and A5

Options for Reinstatement
Compensation Grouting was done for
all footings at the common Boundary
between the Shop House 150 and 152
from Gridline A/1 to 7 to guard
against future movement and
settlement.
The Arch was fully supported with a
radial support structure and props to
facilitate repairs. The remedial works
involved reinforcing the whole span of
the masonry arch across the crack with
Carbon Fibre Rods and an appropriate
mortar effectively introducing
structural beams above the arch
opening so that load shedding is
directed to the columns. The remedial
intervention also involved stitching of
structural cracking which extended
to the party wall and columns to cover
the full extent of cracking
The remedial works consisted of
stitching the cracks with Carbon Fibre
Rods and a structural
grade epoxy. The stitching was extended
to the full extent of cracking
Epoxy Injection and Borehole
Suspension’ Grout used
Epoxy Injection and Borehole
Suspension’ Grout used
Flexible Acrylic Gel to Seal the
Cracks with the Option of Reinjection
if the problem is not
resolved in the first instance
Further investigation was required at
roof level to ascertain the source of the
water leakage problems. Repair as per
6 was required and in this case
replacement of damp plaster works
was also necessary.
Replastering, Overall Repainting
and Replacement of Internal
fittings affected by moisture
ingress adjacent to party wall was
done.

Kribanandan Gurusamy Naidu

Several innovative techniques have been developed for the structural intervention of masonry
buildings. Among the key developments in this area includes the use of stainless steel helical
ties and slim ties developed by Helifix (www.helifix.com). These form very strong axial ties to
resist lateral forces, yet are flexible enough to accommodate natural building movement without
introducing further stresses in the substrate. The associated concealed, non-disruptive
installation techniques provide many outstanding benefits, from the simplicity of their design to
ease of installation and their long term performance. At the time of the investigation the options
for repair had been further advanced by Mapei using alternative materials with glass fibre as the
base ie Maperod G and Mapewrap Foccio. Where masonry wall cracks are to be repaired by a
stitching method, the glass fiber rod maperod G is a suitable material due to the compatibility of
modulus of elasticity (40,800N/mm2) to the lime mortar. It also has a good tensile strength of 760
N/mm2 to help bridge the cracks in case of further movement. As glass fiber is also corrosion
resistant it will be protected in future even though it is embedded in the highly porous masonry
substrate. In the case of the Taiping shop house the latter approach i.e Mapei rod was used as
the materials were easily transportable, flexible i.e could be prepared to requirements on site,
and Mapei had the infrastructure to deliver the materials to site quickly despite this being
imported.
2.3 Approach to Reinstatement
The extent of the remedial works was confirmed based on the visual examination and following
hammer tapping and hacking to confirm the extent of the problem. The final remedial works
undertaken between gridlines 1-5/A included the following:
a) Stabilization of six column foundations A/1, A/2, A/3, A/4, A/5 and A/6 with soil grouting
using OPC and Intraplast –Z.
b) Stabilization of six column foundations A/1, A/2, A/3, A/4, A/5 and A/6 with soil grouting
using OPC and Intraplast –Z.
c) Removal of wall plaster and re plastering using Mape-Antique MC a prebagged lime based
plaster
d) The full reconstruction of one column at gridline A/3 by re-using the existing bricks which
were carefully dismantled piece by piece.
e) The columns at gridline A/2 and A/5 were partially removed and the bricks reinstated and
injected using Mape-Antique I by a low pressure injection method.
f) The Arch and wall cracks were repaired by a stitching method using Maperod G a glass
fibre rod which is inert within the matrix but providing structural strength.
g) Mapewrap G Fiocco was used allowing stitching to be performed at one-side with
minimum impact to the overall wall with the anchors planted deep into the masonry wall
to provide the full anchorage.
In this case the stitching could only be performed at one-side and for this reason Mapewrap
G Fiocco was selected as an appropriate method. Mapewrap G Fiocco is made into an L-shaped
anchor using epoxy impregnator Mapewrap 31 SP and is bonded at both ends of the Maperod
G.
The anchor is planted deep into the masonry wall, ie approximately to a depth of 140mm to
provide the full anchorage. To structurally bond the Maperod G and Mapewrap Fiocco to the
masonry wall, epoxy adhesive Adesilex PG2 TG was selected. Epoxy has high durability and
good mechanical properties in terms of compressive, flexural, tensile and shear strength.
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To enhance the bonding to the masonry wall, all contact surfaces of the masonry were
primed with Mapewrap Primer 1 SP to consolidate the porous surface and eliminate dust. The
crack lines were reinforced at every 4-5 brick intervals and inserted into the pointing layer for a
minimal impact on the existing masonry wall. The full extent of the repairs is illustrated in
Figure 3.

Figure 3. Significant Cracking of the Arch and Party Wall and the proposed approach to crack repair.

The remedial work was carried out by a specialist contractor and the repair materials were
supplied by Mapei. The works were carried out successfully and the shop house was reinstated to
its original condition within 3 weeks (see Figure 4).

Figure 4. Additional Illustrations of the Remedial works.
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3 Project Accomplishment
3.1 Client Needs
The remedial works were undertaken rapidly and reduced the impact of the loss of access to the
facility. The alternative which was on the cards was demolition and rebuilding. The engineering
solution entailed using modern materials developed specifically for heritage upgrading which had
never been used in a practical project application before for structural restoration. The work was
done with little impact on the overall heritage value of the building.
3.2 Budget and Project Time Line
The project was successfully controlled with the implementation of proper documentation in the
form of detailed method statements and pre-selection of materials to be used directly from a
specialist supplier (Mapei). In conjunction with Mapei an off-site training was undertaken of key
personnel involved in the project to minimise delay on site.
The arches and key structural components had been temporarily propped using specially
designed timber props to guard against collapse and this was removed progressively. The
stabilization of the foundation was undertaken within a week and as the injection works were
completed in a particular area masonry strengthening works proceeded in the associated area. The
crack repair works and stabilisation of the masonry walls proceeded over a 2 week period. The
finishing works and painting was then undertaken by the main contractor.
The works were successfully undertaken at approximately a quarter of the cost and 1/3 of time
compared to rebuilding of the structure which was the only other option. As this was the full
responsibility of the adjacent works contractor as per the court order, the approach taken was a
win-win for all parties (ie) in terms of time and cost. This met the client’s requirements for speed
and minimisation of the disruption after a lengthy delay due to the legal action.
3.3 Overview
This work demonstrated the validity of the use of modern materials for a non-invasive low
maintenance reinstatement of a heritage building badly affected by settlement and structural
movement with little impact on its heritage value. This was considered to be the most costeffective solution and appropriate, where speed of reinstatement to manage structurally
compromised masonry buildings are concerned. As the structural rods used in strengthening are
made with glass fibre reinforcement these are not affected by corrosion which is a problem in
porous Masonry structures particularly if rebars are used for strengthening. In this case life cycle
issues outweighed initial capital expenditures particularly as a period building was concerned and
the approach minimised the risk of any repeat intervention which would have in a rapid
reinstatement of the building, minimised the risk of losing heritage features and matched the
client’s overall objectives.
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3.4 Budget and Project Time Line
The project was successfully controlled with the implementation of proper documentation in the
form of detailed method statements and pre-selection of materials to be used directly from a
specialist supplier (Mapei). In conjunction with Mapei an off-site training was undertaken of key
personnel involved in the project to minimise delay on site.
The arches and key structural components had been temporarily propped using specially
designed timber props to guard against collapse and this was removed progressively. The
stabilization of the foundation was undertaken within a week and as the injection works were
completed in a particular area masonry strengthening works proceeded in the associated area. The
crack repair works and stabilisation of the masonry walls proceeded over a 2 week period. The
finishing works and painting was then undertaken by the main contractor.
The works were successfully undertaken at approximately a quarter of the cost and 1/3 of time
compared to rebuilding of the structure which was the only other option. As this was the full
responsibility of the adjacent works contractor as per the court order, the approach taken was a
win-win for all parties (ie) in terms of time and cost. This met the client’s requirements for speed
and minimisation of the disruption after a lengthy delay due to the legal action.
3.5 Overview
This work demonstrated the validity of the use of modern materials for a non-invasive low
maintenance reinstatement of a heritage building badly affected by settlement and structural
movement with little impact on its heritage value. This was considered to be the most costeffective solution and appropriate, where speed of reinstatement to manage structurally
compromised masonry buildings are concerned. As the structural rods used in strengthening are
made with glass fibre reinforcement these are not affected by corrosion which is a problem in
porous Masonry structures particularly if rebars are used for strengthening. In this case life cycle
issues outweighed initial capital expenditures particularly as a period building was concerned and
the approach minimised the risk of any repeat intervention which would have in a rapid
reinstatement of the building, minimised the risk of losing heritage features and matched the
client’s overall objectives.
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Abstract. Reinforced concrete structures are commonly used in civil engineering. However, the
number of deteriorations in these structures is increasing, especially problems related to steel
corrosion. Also, according studies, corrosion is responsible for about 3.5 % of annual GDP with
recovery costs in world. Thus, this study analyzed the corrosion of steel bars at 70-year-old, which are
in corrosion process by natural aging. Tests were performed to analyze the bars microstructure, using
SEM and EDS, as well as analysis of the current mechanical characteristics, with tensile test. Through
SEM, it was possible to measure the layer of the corrosion products formed at the samples edge, and
to observe the fragility of this region, with the presence of several microcracks. EDS test contributed
to verify the oxygen difference from the nucleus until to the specimen edge. It was possible to notice
that in the edge, presence of oxygen is much greater. In the mechanical tests, by the tensile test, the
samples do not reach the minimum elongation and the limit of resistance prescribed in the standard.
Thus, it is believed after 70 years of natural aging, the samples are in advanced process of corrosion,
with edges worn out, and no comply with the minimum mechanical requirements.
Keywords: Corrosion, Steel Bars, Microstructure, Deterioration, Natural Aging.

1 Introduction
Reinforced concrete is one of the structural elements most used in construction worldwide.
Consequently, the incidence of pathological manifestations that deteriorate this type of
structure is increasing, mainly problems related with corrosion. In addition, corrosion causes
a lot of damage to the global economic sector, generating a high cost of recovery. It is
estimated that around 3.5 % of world GDP is spent annually on corrosion (SCHMITT et al.,
2009; KOCH et al., 2016).
Corrosion is considered a destructive interaction of a material with its environment,
usually occurring in aqueous environment, known as electrochemical corrosion. In this
degradation, oxidation and reduction reactions occur, forming an electric current and an ionic
current. Insomuch, it is possible to form iron oxides and hydroxides, which deposit on rebar
surface and are called corrosion products.
One of variables that favor corrosion is the pH of the environment, which is responsible
for enhancing this degradation. As stated by Mehta and Monteiro (2006), from the moment
the concrete pH becomes lower than 11.5, the passivation film on rebar is broken, which
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allows the beginning of corrosion. After the steel depassivation, the corrosion propagation
phase begins, with the development of the corrosive process, in which each material reacts
and has a particular deterioration velocity (SOUZA and RIPPER, 1998).
Thus, there is a relation as pH function, which is represented in E-pH diagram, known as
the Pourbaix diagram (1974). In this diagram, the pH conditions are established in relation to
the potential that take the material to three distinct situations: the immunity region, which
independent of pH, the steel has a very low corrosion potential, being protected; the
passivation area, which the armor has the protective layer; and corrosion, located in
circumstances of more acidic pH, which the reinforcement depassivation occurs and,
consequently, its deterioration.
Also, there are two main aggressive agents helping in reinforcement depassivation: the
carbonation of concrete and the presence of chloride ions. Carbonation involves the
penetration of carbon dioxide (CO2) into the concrete by diffusion, resulting in a gradual
decrease of pH. It is ranging from 12.5-13.5 to a pH close 9, thus losing its high alkalinity
(LIMA, 1996).
Other aggressive agent is chloride (Cl-) ions, penetrating or embedded in the concrete,
which reach the steel, resulting in the reinforcement depassivation even with the high pH
(LIMA, 1996). Thereby, the presence of chlorides ions especially in marine exposure and the
loss of alkalinity due to the carbonation of the concrete can destroy the passive film that
protects the steel and induce its corrosion (BOSSIO et al., 2015).
Tuutti (1982) proposed what currently is considered the classical model of reinforcement
concrete structure life cycle, which period of life cycle is considered as the sum of the
corrosion initiation and propagation periods, until the moment the structure needs correction.
Moreover, any loss of rebar protection affects significantly the durability and service life of
reinforced concrete structures and may compromise and even induce to collapse.
Necessity to better understand this degradation process, in order to improve the quality
and performance of structures, resulted in the microstructural study of steel bars at 70-yearold, which were in corrosion process by natural aging.
Scanning electron microscopy (SEM) was used to analyze the material's microstructure.
Energy Dispersive X-Ray Spectroscopy (EDS) was utilized to examine the difference in
chemical composition between the grains and the layer of corrosion products formed on the
surface. In addition, the mechanical tensile test was performed to obtain the current
mechanical state of the specimens.

2 Materials and Methods
This chapter will present the materials that composed the sample of the study, as well as the
methodology used to achieve the intended tests.
2.1 Materials
Three bars composed the specimens, belonging to foundation block of ITA’s building. The
bars were smooth, originally had a nominal diameter of 15.88 mm (5/8”), and were named
B1, B2 and B6.
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Figure 1. Specimen B2 before preparation and cutting.

These bars remained underground and unloaded for approximately a period 60 years, from
their construction to 2008, when the samples were collected and stocked in the Materials
Laboratory of the Civil Engineering Department. Currently, these bars have about 70 years of
natural aging.
2.2 Methods
Methodology used in this study searched the analysis of steel bars with about 70 years of age,
which were in corrosion process by natural aging. Figure shows the flowchart of the
proposed analyses.

ANALYSIS

Microstructural

Scanning
Electron
Microscope
(SEM)

Energy Dispersive
X-Ray
Spectroscopy
(EDS)

Mechanical Testing

Tensile Testing

Figure 2. Flowchart with studies performed.
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2.2.1

Microstructural Analysis

Scanning electron microscopy (SEM) was used to analyze the general structure of the
samples, allowing the visualization of grains and grain boundaries. Thus, the bars were cut to
10 mm (0.39 in.) in length and metallographic preparation was performed to preserve the
corroded edges.
Analysis by energy dispersive X-ray spectroscopy (EDS) using the Linescan technique
allowed the comparison of samples chemical composition between the grains not corroded in
relation to the layer of corrosion products. For this test, were used the same samples of the
SEM.
2.2.2

Mechanical Testing

Tensile test was carried out on samples of 210 mm in length, seeking to analyze the behavior
of the material during the test until its rupture. Therefore, it is possible to analyze the current
resistance of the bars and compare with the minimum resistance required by the standard.

3 Results and Discussion
This chapter will present and analyze the results obtained from the methodology described in
the previous chapter.
3.1 Microstructural Analysis
Scanning electron microscopy resulted in a more detailed study of the material, with
verification of the structure formed by the grains and their boundaries. It was possible to
observe the homogeneity in the grain structure of sample. Still, two distinct grain tones were
observed, some grains are lighter than others, characteristic of different phases (PANDOLFO,
2006). The following image shows the result obtained by microscopy.

Microcracks

Corrosion
product
layer

(a)
(b)
Figure 3. SEM image (a) at center of the sample (b) of corrosion product layer.
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Figure (a) was obtained through the backscattered detector, which allows verifying
broadly the material configuration. SEM also showed the presence of the corrosion product
layer formed on surface of the samples, as shown in (b). Corrosion product layer found in the
bars showed irregular wear at the edges, as well as different corrosion depths. Thickness of
corrosion layer ranged from 62.38 m to 381.20 m. Also, several microcracks and various
micropores were visualized in this corrosion layer, showing fragility of this material.
Through X-ray dispersive energy spectroscopy analysis, using the Linescan technique,
verified the variation in concentration of main chemical elements. For this, was defined in
sample a line from the center to the corrosion layer, as shown in Figure .
Microcrack
Micropores
Uncorroded region
Corrosion product layer

Figure 4. EDS Linescan image.
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Linescan technique showed variation in concentration mainly of oxygen and iron. Noncorroded region of the three samples resulted in high iron concentration and insignificant
amount of oxygen. Where the analysis reaches the corrosion layer, the iron concentration
drops abruptly and the oxygen concentration rises, thus remaining throughout the corrosion
product layer. As the corroded layer is formed by corrosion products, which are composed of
different types of oxides and hydroxides, according Gomes and Barreto apud Helene (1993),
this high presence of oxygen identifies the presence of these products in the corroded layer.
3.2 Mechanical Testing
To finalize the bars analysis, mechanical tensile test was performed, in order to obtain the bars
strength limit. It was followed the criteria established by ASTM E8.E8M:2016, which
resulted in the following data:
Table 1. Mechanical tensile test.

Sample

Tensile Strength
(MPa)

Tensile Rupture
(MPa)

Elongation
(%)

B1

385

290

17,14

B2

355

352

19,18

B6

338

264

14,79

Comparing the results of the three samples obtained from tensile test, the strength values
differed by about 12 %, ranging between 338 MPa and 385 MPa. Regarding the minimum
elongation, a difference was greater, 23 %. Standard ABNT EB 3:1939 defines the minimum
strength tensile of 370 MPa for these steel bars (37-CA class). Only the specimen B1 comply
with the standard resistance. Still, this standard determines the minimum elongation of 18 %.
In this parameter only the specimen B2 corresponds the value. Specimen B6 did not reached
any of the standards requirements.
Therefore, in terms of mechanical characteristics according to tensile test performed, the
steel bars are not presented in conformity to the current rules, given their state of degradation
after about 70 years inside the concrete structure.

4 Conclusions
Through microstructural studies, it is possible to visualize the configuration of the material,
which presented itself in a homogeneous way, with irregular grain size and shapes. In
addition, the presence of grains with two different shades was observed, possibly presenting
two distinct phases.
The microstructural analysis also allowed to observe a generalized corrosion process in the
studied bars, with some more accentuated corrosion pits. As the corrosion occurred and
progressed irregularly from the surface, points with very superficial corrosion depth and other
more advanced points were found. This irregular wear can best be seen through the contrast
caused by bakelite, showing that the corrosion front in this case did not act uniformly.
Another microstructural analysis was the layer of corrosion products formed on the surface
of the bars. This layer presented with varied thickness, from 62.38 m to 381.20 m,
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emphasizing that the corrosion does not occur in a uniform way. Still, the fragility of the
corrosion products was observed on the surface of the bar, since the layer presented several
microcracks and micropores. As shown by Zhang (1996), corrosion products may differ in
their composition, structure, morphology and properties, and this will depend on the specific
conditions under which the corrosion process occurs, and some are thicker, more voluminous
and more porous than others.
Chemical evaluation by EDS, using the Linescan technique, it was clear the high presence
of oxygen in the corroded layer, and the abrupt fall as soon as this barrier is overcome,
reaching the steel that does not show signals of corrosion. This is justified because the oxygen
penetration into the corroded layer is facilitated, due the presence of microcracks, differently
of more conserved steel that has less porosity. Furthermore, the corrosion products formed on
the surface of the steel bar are various oxides and hydroxides, which provides a high presence
of oxygen in this region.
Through the tensile test, sample B1 meets the minimum strength and sample B2
corresponds to the minimum elongation indicated by the standard. However, none of the
tested bars showed all results according to the established values.
Finally, all these results showed that, it was possible to notice their advanced corrosion
process, after 70 years of the bars aging naturally and with no records of repair in the
structures in which the bars were inserted.
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Abstract. For most building insulation materials, dependency of the thermal conductivity on
temperature is close to linear, and it increases with rising materials temperature, but the thermal
conductivity of the polyisocyanurate foam (PIR) increases in the lower temperature range, so the heat
transfer through the partition insulated with this material is increased in the cold season. The thermal
conductivity of PIR also increases during the aging process, especially during the later operating
period, which is not covered by the standard aging procedure used to determine the declared thermal
conductivity value. Also, there is a lack of information how PIR reacts to the certain temperatures and
other climate conditions, and how fast it loses its thermal properties. The aim of this experimental
research was to analyse the change of the thermal conductivity depending on aging temperature. 30, 50
mm thick PIR samples were prepared for the test, and the thermal conductivity of all specimens was
measured at the standard conditions prior to the start of the test using the heat flow meter FOX 314,
and again after each stage of aging, when the samples were kept at the certain temperature for 21 days.
The results showed that the thermal conductivity of PIR increases more (up to 10 %) when kept at higher
temperatures (+50 °C, and +70 °C), and after specimens undergo negative temperatures (-18 °C) it has
a minor influence to the change of thermal conductivity of PIR.
Keywords: Polyisocyanurate Foam Insulation, Thermal Conductivity, Aging.

1 Introduction
Thermal insulation for buildings is used to create indoor thermal comfort using as little thermal
energy as possible. The thermal insulation in building envelope extends the periods of indoor
thermal comfort, and by keeping buildings with smaller temperature fluctuations, it helps to
preserve the integrity of building structures, increasing their lifetime (Berardi and Naldi, 2017).
Long-term performance is an important consideration for choosing the best insulation material
for each application (Alvey et al., 2017). Change of thermal conductivity over time has been
extensively studied for different thermal insulation materials such as mineral wool, expanded
polystyrene foam (EPS), and extruded polystyrene foam (XPS) which are used in building
insulation layer (Berardi, 2017; Khoukhi et al., 2016). Current environmental issues require
intensive research on energy efficiency and energy savings in buildings to reduce consumption
of conventional fuel and CO2 emissions that generate greenhouse effect (Paraschiv et al., 2017).
Therefore, the use of rigid polyisocyanurate-polyurethane foam (PIR/PUR) in construction has
recently significantly increased due to its excellent mechanical properties and low thermal
conductivity (Jin et al., 2014). However, changes in the thermal properties of this thermal
insulation material due to environmental influences have not been sufficiently investigated.
Polyurethanes are urethane bonded polymers and are made by reacting diisocyanates with
polyols, and some additional chemicals and catalysts. Polyurethane foams are one of the most
effective thermal insulation materials because blowing agent gas with extremely low thermal
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conductivity is trapped in the closed porous structure (Zhang et al., 2017). Thermal conductivity
of this material at its standard measurement temperature is low due to the blowing agent trapped
in the insulation cells, which is more inert and has a lower thermal conductivity than air. This
reduces heat transfer through the cells by thermal conduction and convection, however, if the
temperature falls below the condensation point of the blowing agent, the gas condenses in the
cell space, and since the liquid phase of the blowing agent is more conductive than its gaseous
phase, the heat transfer increases (Berardi and Naldi, 2017). These phenomena result in a
continuous reduction of thermal resistance (i.e. aging) of the foam over period of time, resting
to a long-term equilibrium value (Mukhopadhyaya et al., 2004) For a gas to function as an
insulating gas in the cell of polyurethane and polyisocyanurate foam, it must be in a gaseous
state (Bogdan et al., 2005). Bogdan et al. (2005) gives few diagrams showing thermal
conductivity of gases versus temperature. Few researchers showed that the thermal conductivity
of porous insulating materials strongly depend on their moisture content (Berardi, 2019).
Tests have shown that the thermal resistance R, (m2·K/W) of PIR decreases when the ambient
temperature drops below 0 ºC, reaching a peak when the material temperature is like the indoor
air temperature (i.e. between 2.2 ºC and 42.2 ºC). During the winter, when the temperature falls
below 0 ºC and the time when a PIR-insulated roof is heated by the sun and the material
temperature rises higher than 45 ºC, the R-value of the thermal resistance decreases (Building
Science Corporation, 2013). However, Finch et al. (2014) noted that in roof assembly using
other insulation materials, such as mineral wool, together with PIR may significantly improve
the effective R-value of the polyisocyanurate as it keeps it near optimum temperatures (near
room temperature). Berardi (2019) performed an experiment with several foam materials
showing that the aging of the foams and the operating temperatures have higher impacts on the
polyisocyanurates than on polyurethanes. His study showed that different aging mechanisms
impact mainly the polyisocyanurate which increased their effective thermal conductivity
significantly.
Standard methods for predicting the change in thermal properties of polyurethane foam:
aging at high temperature and thin PUR/PIR slice aging were found to be inconsistent with the
actual material use conditions. Increased temperature changes the diffusion intensity of the gas
trapped in the pores of the material in a non-uniform manner (pentane-foamed material gases
are CO2, air, and different pentane isomers) (Christian et al., 1995; Stovall et al., 2013). Thin
slicing and weighing do not appreciate the fact that the surface layers of PIR with facing are
denser than the inner layers (Singh et al., 2003). The main standard for rigid polyurethane foam
(PUR/PIR) products is EN 13165:2012+A2:2016, and the aged value can be determined in one
of two ways according to this standard. The first is the thermal conductivity measured after 175
days aging at 70 °C, with the addition of safety factor which depends on the type of facing, the
blowing agent of the foam and the thickness of the product. The safety factor may be adjusted
on the basis of a comparison between the aged values at 23 °C and 70 °C. The second is the
thermal conductivity measured after 21 days of exposure at 70 °C with addition of a fixed
increment. Fixed increment depends mainly on the type of facing and is different for different
blowing agents.
As PIR thermal insulation material is rapidly gaining popularity in the Northern Europe,
which has a wide range of ambient air temperatures, it is important to investigate its thermal
properties under operating conditions, and to predict the influence of temperature, and aging
effects on the thermal properties of buildings insulated with PIR.
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2 Research Methodology
2.1. Sampling and Sample Preparation for Testing
In this experiment, samples are aged like in the standard fixed increment procedure, but the
samples are used at full thickness as fabricated, i.e. without cutting a 20 mm sample from the
core of the product. This is done to find out how the entire product is aging at different
temperatures and how the (non)presence of a facing affects the change in thermal conductivity.
For this experimental study, PIR specimens were obtained from the producer. The dimensions
of the specimens are 300x300 mm, thicknesses 30 and 50 mm. Samples of each thickness are
taken from products of three different production dates. There are three types of specimens for
each date of production: the first specimen is with a factory-made composite non-diffusion
facing; the second sample is sealed with a diffusion-tight film from all sides; the third sample
has its facing removed. Products are stored at (23±3) °C and (50±10) % relative humidity for
at least 16 hours before cutting. Prior to thermal treatment, the value of the thermal conductivity
of each sample is measured using FOX 314 Heat Flow Meter in conformity to ISO 8301. Two
tests are performed in parallel: first - successive effects of temperature on specimens,
maintaining the same specimens at different temperatures and measuring their thermal
conductivity after each step corresponding to the temperature environment over the year;
second - measuring different specimens after storing in different temperature environments, to
determine certain temperature impact on thermal conductivity.
2.2 Influence of Successive Thermal Treatment on Thermal Conductivity of Specimens
The algorithm for this experiment is presented in Figure 1. The specimens are placed at (70±2)
°C for a period of (21±1) days. After certain period, specimens are reconditioned for 16 h at
(23±3) °C and (50±10) % relative humidity, then the aged values of thermal conductivity are
determined using FOX 314 Heat Flow Meter. The measured value is compared with the value
obtained from a standardized measurement (Fixed increment procedure). Later, using the same
procedures the specimens are treated at (50±2), (23±2), (0±2), and (-18±2) °C for (21±1) day,
and their thermal conductivity is measured after each stage. Table 1 shows the mean values of
the measured thermal conductivity before and after each exposure at different temperature
conditions.

Figure 1. Algorithm of the experiment.
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Table 1. Average thermal conductivity values after successive aging in different temperature conditions.
Thickness,
mm
30
50

Type of facing
Diffusion tight/covered
Diffusion tight
Without facing
Diffusion tight/covered
Diffusion tight
Without facing

λ value, W/m·K
Initial Aged at 70 °C Aged at 50 °C Aged at 23 °C Aged at 0 °C Aged at -18 °C
0,0206
0,0224
0,0226
0,0228
0,0226
0,0219
0,0204
0,0219
0,0220
0,0221
0,0221
0,0222
0,0208
0,0238
0,0243
0,0243
0,0241
0,0232
0,0205
0,0219
0,0220
0,0219
0,0219
0,0222
0,0206
0,0220
0,0220
0,0221
0,0221
0,0222
0,0207
0,0230
0,0232
0,0231
0,0230
0,0232

2.3 Influence of Particular Thermal Treatment on Thermal Conductivity of Specimens
This experiment is conducted to investigate the effect of ambient temperature conditions on the
thermal conductivity of specimens. The specimens are kept at different temperature
environments: (70±2), (50±2), (23±2) and (-18±2) °C for (21±1) days, after which the
specimens are reconditioned for 16 h at (23±3) °C temperature and (50±10) % relative
humidity, and the change in thermal conductivity is measured. The results of the measurements
are given in Table 2.
Table 2. Thermal conductivity values after particular aging in different temperature conditions.
Thickness, Date of
Initial λ value, Aged at 70 °C λ Aged at 50 °C λ Aged at 23 °C λ Aged at -18 °C λ
mm
production
W/m·K
value, W/m·K
value, W/m·K value, W/m·K
value, W/m·K
0,0205
0,0222
23.10.2018
0,0204
0,0222
0,0209
0,0231
0,0201
0,0218
15.02.2019
0,0206
0,0224
0,0207
0,0226
50
0,0210
0,0214
08.04.2019
0,0204
0,0210
0,0208
0,0210
0,0205
0,0206
18.06.2019
0,0204
0,0204
0,0208
0,0209
0,0206
0,0226
15.02.2019
0,0209
0,0239
0,0210
0,0242
0,0213
0,0222
22.10.2018
0,0207
0,0214
0,0208
0,0223
30
0,0208
0,0216
08.04.2019
0,0206
0,0214
0,0211
0,0220
0,0204
0,0204
20.06.2019
0,0207
0,0206
0,0211
0,0213
Specimens with facings
Covered specimens
Specimens without facings

3 Results and Discussion
The thermal conductivity values of PIR specimens measured in both experimental studies were
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compared with the declared thermal conductivity value, which is determined by standard
procedures, i.e. aging and measuring a 20 mm sample cut from the core of the product.
Figure 2 shows the thermal conductivity variation of 30 mm thick PIR specimens using a
successive thermal treatment procedure. All types of specimens show a significant increase in
thermal conductivity after heating at 70 °C. This change could be explained by the intense
diffusion of gas out of the material pores into the surrounding environment. It can be noticed,
that when the same specimens are kept at a lower positive temperatures, the increase in the
thermal conductivity is insignificant, while for specimens with facing it is close to linear. This
indicates that the emission of gas into the environment at this stage is largely dependent on their
movement from the inner layers of the material to the superficial layers. The thermal
conductivity of the unfaced samples ceases to increase earlier than that of the faced samples,
and it depends on the diffusion possibilities, which are limited by the facings.
30 mm

0,025

λ, W/mK

0,024
0,023
0,022
0,021

covered
with facing
without facing
20 mm aged core

0,02
0,019
0,018

Initial λ

aged at 70 °C

aged at 50 °C aged at 23 °C

Aging phase

aged at 0 °C

aged at -18 °C

Figure 2. Variation of average thermal conductivity coefficient of 30 mm thick samples during successive aging.

The results of this experiment also show that the thermal conductivity of unfaced specimens
at the average operating conditions is close to the declared thermal conductivity of the product,
and significantly lower than that of the faced specimens. This shows that when standard
procedure is applied, even for 30 mm thick products with facing thermal properties can be
unreasonably degraded.
50 mm

0,026

λ, W/mK

0,024
0,022
covered
with facing
without facing

0,02
0,018

Initial λ

aged at 70 °C

aged at 50 °C aged at 23 °C

Aging phase

aged at 0 °C

aged at -18 °C

Figure 3. Variation of average thermal conductivity coefficient of 50 mm thick samples during successive aging.
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0,02043
0,02044

-18 °C

0,02043
0,02098

23 °C

0,02064
0,02239

0,02052
0,02058

50 °C

0,023
0,022
0,021
0,02
0,019

0,02038
0,02223

0,02097
0,02137

70 °C

λ, W/mK

0,02007
0,02178

0,023
0,022
0,021
0,02
0,019

0,02047
0,02217

λ, W/mK

The tendency of the PIR thermal conductivity change is similar for 50 mm thick specimens
(Figure 3). In this case, it has been found that the post-production side facings of the specimen
do not affect its thermal conductivity because they do not ensure a gas-tight permeability. It can
also be seen in this graph that the increase in the thermal conductivity of the specimens
stabilized earlier (already after heating at 70 °C), than that of the 30 mm thick specimens. This
may be due to the larger lateral area of the test specimens, which could have released more gas
during the same period. Examination of 50 mm thick specimens also showed that the thermal
conductivity of the specimens with removed facing remains lower than that of the same 30 mm
thick specimens during the successive aging. This difference may be due to the fact that the
surface layers of the material are compacted to such an extent that they significantly stop the
gas diffusion into the environment, and at the end of the experiment, the remaining gas
concentrations in the pores of 50 mm thick specimens is higher than in the 30 mm thick
specimens. Only further investigations could determine the effect of the thickness on the rate
of gas diffusion and consequently on the increase in thermal conductivity for specimens with
removed facing.

70 °C

50 °C

23 °C

-18 °C

Aging phase

Aging phase

0,02073
0,02256

0,02082
0,02101

0,02077
0,02092

0,024
0,022
0,02
0,018

0,02088
0,02313

b)
λ, W/mK

a)

70 °C

50 °C

23 °C

-18 °C

Aging phase
Initial λ

Aged at

c)
Figure 4. Influence of temperature conditions on the thermal conductivity of PIR (50 mm sample: a) covered,
b) with facing, c) without facing).

The influence of specific temperature environmental conditions on the variation of PIR
thermal conductivity is presented in Figures 4 and 5. Analysing changes in the thermal
conductivity of 50 mm thick specimens showed that temperatures 70 °C and 50 °C has the
greatest influence. For both types of specimens with diffusion-tight facing, the thermal
conductivity increases by 8-9 % after exposure to higher temperatures (50 °C, 70 °C), and to
11 % for specimens with removed facings (Figure 4c). This confirms the effect of diffusion of
the gases, present in the pores of the material, on the thermal conductivity of the material.
Exposure to negative temperatures (-18 °C) does not alter the thermal insulation properties of
all specimens.
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0,02066
0,0206

-18 °C

0,02064
0,02138

23 °C

0,02074
0,02144

0,02044
0,02041

50 °C

0,026
0,024
0,022
0,02
0,018

0,02093
0,02393

0,02075
0,02155

70 °C

λ, W/mK

0,02131
0,02223

0,023
0,022
0,021
0,02
0,019

0,02056
0,02264

λ, W/mK

Examination of 30 mm thick specimens showed that in all three cases aging at 70 °C had the
greatest influence (up to 10-15 %) on their thermal conductivity (Figure 5). The influence of 50
°C on the thermal conductivity of the 30 mm samples with facings is smaller (only 3-4 %),
while that of the samples without facings was slightly higher – 7 % (Figure 5c). As with 50 mm
thick specimens, the change in the thermal conductivity of the 30 mm thick specimens is not
affected by the negative temperature. This indicates that the gas condensation in the pores does
not change the thermal properties of the material.

70 °C

50 °C

23 °C

-18 °C

Aging phase

Aging phase

0,02106
0,02125

0,015

0,02113
0,02203

0,02

0,0208
0,0223

0,025

0,02096
0,02422

b)
λ, W/mK

a)

70 °C

50 °C

23 °C

-18 °C

Aging phase
Initial λ

Aged at

c)
Figure 5. Influence of temperature conditions on the thermal conductivity of PIR (30 mm sample: a) covered,
b) with facing, c) without facing).

4

Conclusions
- The standard methodology for determining the declared value of the thermal conductivity
of PIR, when a specimen is cut from the core of a product, does not meet the conditions
of use of products faced with diffusion tight facings, and must be adjusted providing aging
and measurement of the specimens with such facings.
- The thermal conductivity of PIR is mostly changed after storage at 70 °C. The higher
growth in thermal conductivity was measured for thinner specimens - 30 mm.
Experiments showed that the 21 days aging period at the high temperature is enough for
the samples to have a thermal conductivity settling down. After storage at -18 °C, the
thermal conductivity of the material does not change under standard conditions. From the
point of view of thermal insulation of structures, it is important to determine the thermal
conductivity of PIR at negative temperatures, for which further studies are carried out.
- The removal of the facing results in up to 8 % greater change in thermal conductivity
after exposure to high temperatures, compared to specimens faced with diffusion tight
facings. The application of diffusion tight film to the sides of the specimens does not
affect the change in thermal conductivity of the specimens after aging, because it is not
as tightly pressed to the foam core as for factory made faced insulation boards.
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- The results of this study are important to get knowledge about the aging of PIR insulation

when it is installed in building envelope, so further research is being conducted on
different facing materials on boards open ends to select a reliable technology to prevent
thermal conductivity increase through the open ends (e.g. wall corners).
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Abstract. Mineral surfaces are an integral part of bituminous roofing felt. Their task is to protect

less resistant elements from the destructive effects of the environment. Since the first application
in 1897, they have been constantly improved in the direction of better functionality and aesthetics.
It often turns out that the intended effect has not been achieved. During the first years of operation,
there are signs of roof damages on most facilities. Due to the complex interaction of roofing elements,
several causes of damages can be defined. A group of processes taking place in mineral roofing
toppings is important for roofing felt. Mineral surfaces are exposed to physical, chemical and
biological factors. They cause losses due to the unavoidable breaking of adhesion to the modified
asphalt. Pulling out caused by factors occurring on the roof is a long-term process with more effects
on the covering, in particular its durability and tightness. In the paper, the reasons for the release of
mineral topping from the SBS modified asphalt layer were defined. The analysis shows that as a result
of significant degradation and harmful impact of mineral coverage, this layer may lose the ability
to protect the roofing paper, and long-term changes threaten the durability of roofing materials.
Solutions have been proposed to significantly reduce the phenomenon caused by specific factors.

Keywords: Mineral-Surfaced Tar Board, Durability of Roofing Felt, Impact of Environment.

1 Introduction
The subject of the work is the problem of top covering roofing felt. It is visible already
in the first years of operation of the roofing felt. Depending on the quality of the roofing felt
(price), this process takes place faster or slower, but inevitably occurs.

Figure.1 This is a comparison of mineral topping on new roofing paper and topping on the same roofing paper
after several years of use in adverse conditions (on the right photo a drastic example
of a significant loss of granules and exposure of asphalt in a roof depression - a periodic puddle).

doi:10.23967/dbmc.2020.166
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Figure 2. This is the cross-section of an ordinary polymer-asphalt covering roofing felt,
on polyester nonwovens using typical roofing felt.

Mineral surfaces protect the roof against atmospheric influences and to some extent against
mechanical influences. They have been known, used, modified and improved for years.
They are getting better and prettier really. They are absolutely necessary but do they fully
fulfill their role on flat roofs? They were invented and began to be used a hundred years ago.
Is the inertia of the solution justified and does it have to be continued?
Despite the objections of producers and some specialists outraged by such a suggestion,
it must be made. Mineral surfaces are an ad hoc invention, an added element. They used to be
a cheap and quick solution to the problem, but today they is not. Today we find improper
cooperation with roofing felt and no cover durability guarantee. This is especially visible
in the light of the changes that are taking place in the climate around us. Roof temperatures
up to almost 90oC is an examined fact. It turns out that the problem is not only
the temperature, there are many more.
Due to the location of the place of work or residence, we rely on data from Poland.
However, the principles of analysis are universal.
Roofing granules are released during the operation of roofs covered with roofing felt from
polymer-modified asphalt (mainly SBS in Poland). The applicable European standard
EN12039 from July 2016. regarding possible defects on up to 30% of the mineral topping,
during tests, is significant. Such large roof defects are real, as shown in the above photos. The
defect itself is one thing but the effects of the way they are formed are a much broader topic.
The purpose of the work is to analyze the reasons for the deterioration of roofing materials
over time. Due to the possible volume of occurrence content, limited only to roofing granules.
Analyzes of other elements of cover materials on flat roofs should be expected
in subsequent publications.

2 Method
To find out the reasons for the appearance of roofing defects and the effects on the roofing felt
and roofs, an analysis of processes and phenomena occurring on the roofs is needed. For the
purposes of the study, the processes were divided into groups depending on the seasons.
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General description of processes, impact on roofs (roof granules):
Autumn, winter, spring: snow retention; melting and freezing of snow in contact with
the covering surface and stands (!), deepening effect (increased hydrostatic pressure),
penetration into asphalt cracks and between granules and disintegration; the bottom layer
of thawed and frozen snow turns into ice, the top layer from thawed snow (sun) and frozen
turns into ice, after freezing it in whole we have a thick layer of ice with a significant
mechanical breaking strength (linear expansion of the ice when the temperature drops below
0oC) ; passing through "0oC" up to 100 times per year (deepening effects).
Summer: rainfall on a hot roof (hydrophobization is less effective - Table 1, significant
energy of falling drops - Figure 4), soaking of mineral topping; rapid temperature changes,
water, hail falling on the roof heated to almost 90oC; chemical impact on toppings decomposition, leaching, formation of chemical solutions; leaching of soluble components
of roofing felt (e.g. sulfur), solutions effecting on roof granules and other cover elements;
crystallization of water chemical contaminations in crevices and soaked granules, destruction
of granule-asphalt adhesion and cohesion of granules, increasing the concentration
of solutions at subsequent precipitation; wet and dry deposition of media enabling
the development of living organisms (lichen, algae, other).
Regardless of the season: linear expansion of roof materials and their interactions affecting
mineral toppings; additional impact, wind pressure and suction transporting loose material;
capillary penetration into granules, theoretically reduced by hydrophobization, practically
depends on temperature (Figure 3), water pollution (e.g. PH, Table1) and other phenomena
associated with the shape and number of open pores may also occur.
Identification of the main physical phenomena generating the indicated processes:
Weather conditions and their changes together with climate changes: precipitation; humidity;
winds; insolation; temperature changes; wet and dry deposition of mineral, chemical, organic
and inorganic compounds and substances.
Physical properties of materials used to make coverage, precipitation and deposits,
and their interactions: linear expansion (discontinuous linear expansion); adhesion
and cohesion; humidity; solubility; hygroscopicity; surface tension; changes in physical state;
density; melting and softening point; copolymer uncoupling temperature; viscosity stiffness;
ductility; flexibility; thermal conductivity; brittleness; reflection; radiation absorption.
Chemical properties of materials used for covering, precipitation and deposits, and their
interactions (as additional): PH; causing chemical corrosion; change in physical properties
(e.g. surface tension).
Research and analysis carried out:
We focused primarily on long-term observations and research of flat roofs in situ.
An important observation during the tests turned out to be the quality of roofing, often
correlated with the quality of the materials used. It should be emphasized here, that perfectly
made covers made of the best materials on the market are not often the subject of expertise.
They are much less frequently and more slowly damaged and constitute a small part of the
market. We focused on the greater part of the market where the important measure of the
quality of materials used and the quality of workmanship is the criterion of a lower price.
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Analysis of the impact of differences in linear expansion of polymer-asphalt layers
reinforced with polyester nonwovens and mineral topping immersed in puddles formed
in an improperly shaped roof surface: expansion of polymer-asphalt felt; ice expansion;
thermal shock with rapid temperature changes (summer downpours, hail).
Analysis of the effect of crystallization of chemical compounds found in puddles on roofs:
chemical compounds found on roofs; crystallization of chemical compounds between
the granules; crystallization of chemical compounds in the joints of roofing felt sheets.
Analysis of weakening of roof paper sheets joints by the presence of granules embedded
in joints in the context of linear expansion and crystallization in puddles: quality of joints
and the way they are made; facilitating the possibility of water getting into the contacts areas;
blasting through ice, the effect of temperature shrinkage of roofing felt.
Analysis of the impact of hydrophobization on the number of granules defects in real
conditions on roofs: phenomena eliminating increased surface tension on hydrophobized
materials (Table 1, Figure 3, Figure 4, Table 2), surfactants, the occurrence of these
phenomena on roofs, the impact of these phenomena on defects of granules
Table 1. Surface tension values of sulfur-contaminated water PH dependant (Janocha, 2014) .
Surface tension [mN/m]

pH

74

6,5

52,6

6,8

49,2

7,2

Figure 3. Surface tension of pure water as a function of temperature (at saturation pressure)
(Vargaftik at al., 1983).
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Figure 4. Water drop falling rates for ideal conditions (Van Boxel et al., 1998).

Analysis of released granules accumulation places and the impact on the destruction
of these places; location of accumulation of unbound granules; phenomena occurring at places
where pellets accumulate; the impact of these phenomena on the durability of roofing felt
and roof.

Figure 5. Accumulation of released granules (roof after one year of operation)

Analysis of the impact of granules accumulating in the gutters on gutter durability:
transport for gutters - mechanical impact; transport in gutters - mechanical impact; slowing
down the flow of water and prolonging the impact of chemical compounds present
in the water flowing from the roof (influence of rainfall intensity on corrosion).
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Figure 6. Accumulation of free granules in the gutter, retention of chemically polluted water
and corrosion. The rust level determines the water flow rate at which the acid concentration
is sufficient to cause rapid corrosion. The concentration of chemical pollution increases
during low runoff from the roof surface.

Analysis of the impact of granules transported with water on the durability of downpipes:
topping transport in downpipes; clogging of pipe inflows and outflows.
Analysis of the impact of hail rainfall on driving the topping into the polymer-asphalt layer
at a significantly heated roof surface.
Table 2. Energy of falling hail (Heymsfield at al., 2014).
Diameter [cm]

Mass [g]

Speed [km/h]

Energy [J]

1
3
5
7

0,5
13
59
162

52
90
116
138

0,05
4
31
118

10

471

164

491

Effect analysis of contacts of polymer-asphalt felt with elements of different thermal
expansion (flashings, batten protections ...) on defects in granules: way of contacts interact;
resistance of roofing felt to contacts; increased granules defects at the contact points
and consequences for exposed polymeric asphalt.
Analysis of the impact of roof loading elements (e.g. roof bases for lightning
and ventilation systems) on indentation of granules in the places of contact edges
at high temperatures: quality of loading elements - eccentricity for small elements,
edge action and wind action for large elements; the effect of high temperatures on roofs
for puncturing asphalt roofing felt with granules.
Analysis of the impact of exposing polymeric asphalt mass by tearing off the topping
and releasing mainly sulfur compounds as a prolonged process: sulfur compounds
as a component of polymer-asphalt mass; long-term release of sulfur compounds; the impact
of sulfur compounds on roof elements (Figure 6).
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Analysis of the influence of granules on the possibility of accumulation of deposits
constituting the basis enabling the growth of living organisms: topping structure that holds
deposits; collecting water.
Analysis of the impact of living organisms (algae, lichen, mosses, plants) on pulling out
roofing powder: colonization by living organisms; method of long-term extraction
of granules (growth of mosses, lichen, plants).
Analysis of the impact of temperatures on roofs on the possibility of sinking the granules
in the top layer of roofing felt and the possibility of penetration into the layer
of polyester nonwoven fabric: polymer decoupling temperature for lower quality roofing
paper; impact on the decomposition temperature of polymers in roofing paper resulting from
the lack of obligation to carry out direct tests and to specify the composition of polymerasphalt; methods of kneading the granules (shoes, storage of renovation materials).
Analysis of the shape and size of the granules influence for possible damage to roofing
felt: granules used by roofing felt producers and their most common shapes; size, thickness
of topping; the possibility of causing damage.

3 Results
As a result of research and analysis we have determined:
The positive functions of roof granules – as the protective layer are: mechanical protection;
UV protection; now also enabling, by means of adhesion, the use of additional roofing
protection measures (e.g. expensive paints increasing the reflection of heat radiation);
architectural and decorative functions.
Negative impacts of roof granules - the "protective layer" on the roof are: uncertainty
of attachment in polymer-asphalt and protection losses; too high porosity of the layer
and the possibility of retaining deposits and water in the layer; systematic and unavoidable
release of pellets during roof operation; leaching of sulfur compounds from asphalt resulting
from the method of releasing the granules (pulling out, UV exposure, slow destruction
of the surface); too much heat radiation absorption; possibility of mechanical destructive
impact on polymer-asphalt; making it possible to transfer the destructive effects of freezing
water to polymer-asphalt (the protective layer is a tool of destruction); accumulation
of released pellets in different areas of the roof increasing the amount of deposits and water
retained on the roof; mechanical impact of granules transported by rain and wind on other
roof elements; participation in clogging water outflows; weakening of torched joints between
transverse joint of the roofing felt.

4 Conclusions
Elimination the negative effects of roof granules on existing roofing felt is possible by:
coating with materials that reduce the porosity of the layer; covering with materials increasing
the reflection of solar radiation; increasing resistance to the development of living organisms;
coating with materials that reduce the release of primarily sulfur compounds. Such actions are
effective but expensive and labor-intensive.
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Elimination of the negative effects of granules layer is possible by replacing it in the
production process with materials characterized by: inability to accumulate in the layer wet
and dry deposits; reflection of a significant part of solar radiation; limiting or eliminating the
possibility of harmful chemical compounds emission from modified asphalt, above all sulfur;
high adhesion to asphalt; the possibility of periodic and cheap renovation - enabling the use
of cheap spray paints; enabling the effects of texture and colors for small visible roofs; gives
possibility of obtain flat and smooth self-cleaning surfaces for large-area roofs. Such actions
are more beneficial, cost effective and introduce the possibility of cheaper and simpler
systematic renovation of roof coverings, increasing their durability.
In connection with the climate change, there is an urgent need to redefine the territorial
aapplication of cover materials and their required characteristics for these areas.
The authors team is in the process of developing and patenting a new material solution
for the surface layer of asphalt felt for flat roofs. The solution should, basing on existing
production technology, enable the production of a new generation of roofing felt.
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Abstract. Chemical reactions that lead to decreased durability in concrete structures may result from
chemical interactions between aggressive agents present in the external environment and cement paste
compounds or may result from internal reactions. The chemical reactions are manifested by the
physical properties of the concrete, such as porosity and permeability and the decrease of resistance
and cracking. Among the several aggressive agents that attack the reinforced concrete structures it
can be highlighted chloride ions, sulphate ions and carbon dioxide. In this context, the study presents
the analysis of different traces of mortar executed with cement type CPII-F-32 (OPC Cement, in Brazil
one of the most used cements) with w/c ratios of 0.4 and 0.7, when subjected to the attack of sulphates,
chlorides and carbonation. The analyzes quantitatively evaluated the amount of ions present after
exposure to the agents and demonstrate the importance of evaluating the dosage of water in the
mortars to minimize future problems with durability.
Keywords: Mortars, Sulphate Attack, Chloride Attack, Carbonation, Porosity.

1 Introduction
Chemical reactions leading to decreased durability in concrete structures may result from
chemical interactions between aggressive agents present in the external environment and
cement paste compounds or may result from internal reactions like alkali-aggregate reaction,
or from reaction of delayed hydration CaO and MgO crystalline, if present in excessive
amounts in Portland cement, or electrochemical corrosion of concrete reinforcement.
Chemical reactions manifest themselves through the physical failures of concrete such as
porosity and permeability, decreased strength and cracking.
Among the various aggressive agents that attack reinforced concrete structures, chloride
ions, sulphate ions and carbon dioxide can be highlighted.
Sulphate can be found in soils such as landfills and is a major cause of degradation of
cement-based materials. The attack by sulfate ions stands out especially when dealing with
marine, underground or sewage handling structures (Mehta and Monteiro, 2014; Wei et al.,
2019).
When dissolved sulfate ions (SO4) react with hydrated cement paste the two main means of
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sulfate attack are: reaction with hydration products of unhydrated tricalcium aluminate (C3A)
producing ettringite and reaction with calcium hydroxide producing gypsum. Sulfate attack on
concrete can manifest as expansion or cracking, leading to increased concrete permeability,
structural problems and initiating corrosion processes of reinforcement (Mehta and Monteiro,
2014).
According Mangat and Ojedokun (2019) the chloride concentration of concrete exposed to
a chloride environment is a parameter used to characterize the long term chloride resistance of
concrete. The presence of chlorides is a cause of the corrosion process in reinforcement of
reinforced concrete structures. The structure in an environment that has seawater, sea salt and
thaw salts is subject to attack by chlorides. The rate of chloride penetration from the surface to
the interior of the concrete depends on: the amount of chloride ions in the environment, the
permeability of the concrete and the humidity of the environment (Aguiar, 2011).
Carbonation of concrete is directly linked to the CO2 diffusion coefficient that is
determined by Fick's first law, but there are limitations in some parameters, for example CO2
diffusivity varies over time and strongly depends on the moisture content of the pores.
concrete, as well as other variables that may also influence the microstructure of the concrete,
such as cure condition, moisture content, location, elapsed time and mixing parameters (Yoon
et al., 2007).
In this context, the objective is to analyze different traces of mortars made with type CP II
– F32 cement with w/c factors of 0.4 and 0.7 when subjected to the attack of sulfates,
chlorides and carbonation.

2 Materials and Methods
To evaluate the durability, the specimens were exposed for 70 days to aggressive agents to
verify their performance against the attack of sulfate ions, chlorides and carbonation. For the
evaluation, quantitative tests were performed. The tested mortar has a 1:3 trait (cement: sand),
varying the water/cement ratio in two levels, being 0.4 to obtain less porous mortar and w/c of
0.7 for a more porous mortar. In samples with w/c of 0.4, 1% hyperplasticizer was added to
aid in the consistency of the mortar.
The binder used was Portland Cement CP II – F32, chosen for its wide availability in the
market. The choice of producing mortars is due to the fact of ease in smaller samples, in this
case it was decided to mold 10 x 5 cm cylindrical specimens. According to some authors such
as Papadakis (2000), Kulakowski (2002), Gervais et al. (2004), Pauletti et al. (2007), Pauletti
(2009) and Neville (2015) explain about better results that the use of mortar brings in the
carbonation front analysis, such as the influence of the presence of coarse aggregate.
For durability analysis against the aggressive agents the specimens were submitted after
cure of 28 days in a humid chamber, for the sulfate solution was used 10% magnesium sulfate
(MgSO4). For the accelerated chloride attack, 10% sodium chloride (NaCl) solution was
added and for carbonation depth evaluation, the specimens were deposited in a carbonation
chamber with 10% controlled CO2 concentration, without the control of humidity and
temperature.

1252

Alessandra M. Weber, Wellington Mazer, Daniela E. Pedroso and Cleber Pedroso

2.1 Sulphate Content
The samples were fully submerged in magnesium sulphate (MgSO4) solution of 10% for up to
70 days. The chemical test to determine the sulphate ions content in the samples was made
according to an adaptation of the standard APHA Method 4500-SO42- (1997). The procedure
consists to submit the ground sample, whose diameter is less than 600 μm, to a solution of
hydrochloric acid (HCl), shown in Figure 1, with barium chloride (BaCl2), which will form a
precipitate of barium sulphate (BaSO4), which after calcination at 800°C is heavy (Mcalcined).

Figure 1. On the left the sample mixture with hydrochloric acid and on the right the filtered solution.

To determine the percentage of sulphate in the sample, the equation is:
SO3 (%)=

34,3045 ∙ Mcalcined
Mstandard

(1)

Where the mass of the standard sample is weighed prior to the test in grams.
2.2 Chloride Concentration
The chloride concentration of the mortar powder sample was obtained Volhard’s titration
method. The procedure consists an indirect titration to determine the chloride ion that
precipitates with silver ion (Figure 2).
The acid soluble chloride content was calculated as a percentage of chloride ions by weight
of the binder, by the following equation:
Cl- (%) = 0,1773 ∙

V2 - V 1
m1

(2)

Where V1 is the volume of ammonium thiocyanate of a standard sample in ml, previously
determined to be 0,07; V2 is the volume of ammonia thiocyanate in the concrete sample in ml;
and m1 is the mass of the concrete sample in grams.
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Figure 2. Silver chloride solution filtration and coagulation after boiling and then titanium ammonium titration.

2.3 Carbonation Penetration
Carbonation tests were performed by cylindrical mortar samples. Phenolphthalein was used as
test to carbonation penetration. It is in the initiation phase that it was intended to verify the
occurrence of carbonation, because generally the typical appearance of carbonation is the
occurrence of light spots produced by refraction of calcium carbonate, it is necessary to verify
the carbonation using colorimetric indicators that point the pH. The lower the pH, the lighter
its appearance, tending to colorless in the less alkaline regions. A non-carbonated concrete in
the most alkaline region turns purple when using this same indicator. The most commonly
used carbonation or pH indicator is the phenolphthalein solution or equivalent, being
successfully used for pH between 8 and 11.
Figure 3 shows the color of the specimen when the phenolphthalein solution is sprayed.

Figure 3. Specimens submitted to the phenolphthalein spray test.
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3 Results
The average values of the analyzes of the three tests performed for the sample group,
considering the w/c variations are presented in Table 1.
Table 1. Mean values for durability analyzes.

Specimens
CP II – F32

w/c 0.4
w/c 0.7

Sulphate
content (%)

Chloride
content (%)

6.28
8.39

0.55
0.69

Carbonation
Penetrarion
(mm)
2.1

Sulphate content increased by more than 33% when the water factor used in the mortar was
added.
CP II – F32 cement analysis for chloride determination by chloride submerged samples
resulted in chloride content of 0.69% for samples with water/cement ratio of 0.7 and 0.55%
for samples with water/cement ratio of 0.4. According to NBR 12655 (ABNT, 2015) the
maximum chloride content for reinforced concrete exposed to chloride in the service
conditions of the structure is 0.15% (considering aggressive classes III and IV, which includes
marine and industrial environments with chemical agents). Therefore, all the samples
exceeded this reference.
It was not possible to measure the carbonation depth for the samples with water/cement
ratio of 0.4 because no sufficiently measurable points were observed for the caliper
measurement. For the trace with w/c 0.7 the average carbonation point was 2.1 mm.

4

Conclusions
-

OPC cement mortars using w/c fractions of 0.4 show better durability results when
compared to 0.7 water dosing.
The proposed tests serve as durability indicators for previous considerations due to the
attack of sulfates, chlorides and carbonates.
The service life of concrete structures depends mainly on the durability of the
concrete. Concrete made from traditional Portland cement is considered a durable
material for the non-aggressive environment, however water should be carefully
considered as a direct influence on the durability of mortars and concretes, due to the
increased porosity.
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Abstract. The service life of buildings can be associated with the durability of enveloping the elements,
e.g., the flat roofs that are constantly exposed to environmental agents. Waterproof membranes,
produced with bituminous or polymeric materials, usually protect these elements. This paper presents
an experimental study of waterproofing systems subjected to environmental agents of degradation. Four
types of membranes were tested: bituminous, polyurethane, acrylic and acrylic with polyester mesh. All
membranes were applied to concrete substrates and exposed to cycles of 48 hours in 70°C oven and 24
hours in immersion vats with 23°C water. The specimens were subjected to 0, 4, or 8 cycles and
submitted to pull-off tests. The results demonstrated that the waterproof system behavior change when
subjected to cycles of the temperature gradient. The tests show that the different thermal deformation
between the membranes and the concrete substrate results in loss of adhesion.
Keywords: Waterproofing System, Durability, Environmental Agent, Adhesion.

1 Introduction
The waterproofing layer of the roof system can be considered as a building protection system
since it prevents damaging actions of water as well as aggressive elements of the atmosphere
(Gonçalves et al., 2019). It is related to the building service life and it is the first principle of
their durability (Henshell, 2000). The loss of properties of its materials can cause premature
degradation in other building systems (Navratilova Rovenska, Jiránek, and Kačmaříková,
2015).
The roof is one of the building envelope part that requires the design of a system to predict
the service life. The durability of the roofing system depends on several parameters (Cash,
2003) because it involves choosing proper design and materials considering the detrimental
effects of natural agents (Henshell and Griffin, 2000).
The materials used in waterproofing systems, mainly those for flat roofs, are exposed to
environmental agents like ultraviolet radiation, mechanical actions, contact of the organic
solvents, moisture, and cycles of the oxygen, carbon and temperature (Bertolini, 2014;
Marques, Lopes, and Correia, 2011; Pirondi, 1988). Due to these factors, the waterproofing
systems are subject to natural and accelerated degradation processes of their mechanical watertightness characteristics (Walter, De Brito, and Lopes, 2005).
The main factor for material degradation is temperature according to Patterson and Mehta
(2001), the heat transference by radiation occurs because every object produces electromagnetic
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waves by virtual temperature. The membranes and sheets of the weatherproof system are
polymeric materials like polyurethane, polyvinyl chloride, bituminous, acrylic, polypropylene
(Cash, 2003; Marques et al., 2011). This class of material is known for its temperature
instability due to its thermoplastic characteristics. The internal energy of polymers rises with
the increase in temperatures, reducing weak bonds between macromolecules (Callister and
Rethwisch, 2001). It leads to lower elastic modulus and higher flexibility (Bertolini, 2014).
However, at high temperatures, covalent bonds are broken, leading to irreversible chemical
degradation of the material. With this regard, it is important to understand the behavior of these
materials when working together with building as a system, not just as a material.
In this work, the main objective is to analyze the behavior of four waterproofing materials
applied in a concrete substrate submitted to weathering actions by temperature, air and wetting.

2 Methodology
This work evaluated the behavior of waterproofing systems when submitted to wetting and
drying cycles. In the experimental study, four waterproofing systems adhered to the substrate
were evaluated: acrylic with and without polyester mesh, polyurethane, and bituminous. The
substrate used was concrete with steel mesh, produced according to the Brazilian standard
ABNT NBR 14081-2: 2015.
The specimens were submitted to the aging process by wetting and drying cycles, placed in
a forced air circulation oven at a constant temperature of (70 ± 1) ºC for 48 hours and moved
to a water vat at (23 ± 1) °C for 24 hours. So, each cycle corresponds to 72 hours. Four substrates
were tested for each waterproofing system, varying the number of cycles: 0, 4, 8 and 16.
Visual analyses were performed at each cycle stage. After finishing the cycles, the
membranes were submitted to pull-off tests, using 10 samples for each substrate.
2.1 Materials
The selection of the waterproofing materials for the experiment was based on their relevance
and application in the Brazilian market, their adhesion to the substrate and their distinct
chemical composition and mechanical behavior. Table 1 presents the Brazilian standard and
manufactures characteristics of the materials to compose the waterproofing systems: acrylic
membrane, polyurethane membrane and bituminous sheet adhered with heated asphalt.
Table 1. Characteristic of waterproofing materials tested.
Characteristics
Acrylic Membrane
Color
White
Density (g/cm³)
1.40
Elongation (%)
200
Touch drying (h)
4
Consumption (kg/m²)
1.2
Thickness (mm)
0.50-1.00
Application state
One-component liquid

Polyurethane
Green
1.4-1.6
70
6
1.7
Undeclared
Two-component viscous

Bituminous sheet
Black
Undeclared
30
1.15m²/m²
4.00
Solid

The Systems composed of acrylic membrane received structural reinforcement with
polyester mesh, table 2 present its physical and mechanical properties.
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Table 2. Physical and mechanical properties of polyester mesh.
Physical and mechanical properties
Longitudinal tensile strength
Transverse tensile strength
Stretching
Resistance to longitudinal tear
Tear Resistance
Grimace
Thickness

Unit
kgf
kgf
%
kgf
kgf
g/m²
mm

Standard
EN-ISO 1421
EN-ISO 1421
EN-ISO 1421
DIN 53.363
DIN 53.363
EN-ISO 2286
EN-ISO 2286

Specifications
25±5
25 ± 5
Max. 25
15 ± 5
15 ± 5
15 ± 5
0.25 ± 0.05

The structural reinforcing mesh has the function of resisting the tensile forces when it is
requested from the system (Pirondi, 1988). The bituminous sheet is prefabricated, modified
with SBS (styrene-butadiene-styrene), structured with nonwoven continuous filament and sandfinished on both sides, with a thickness of 4 mm.
2.2.2 Specimens Preparation
The waterproofing systems were applied to the previously prepared substrate. The application
process differs when the material is prefabricated or molded on-site. The membranes were
applied using a brush and the material quantity is controlled by weighing it on a precision scale
(0.01 g). For thickness control, a measurement was performed using a wet layer thickness gauge
(25 to 3000 µm). Figures 1 to 4 demonstrate the procedure for specimens preparation.

Figure 1. Preparation of
Bituminous sheet.

Figure 2. Application of
the Bituminous sheet
adhered with heated
cement asphalt.

Figure 3. Application of
Polyurethane membrane
and inspection the
thickness.

Figure 4. Application of
the Acrylic membrane
with polyester mesh.
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The wetting and drying cycle started with the specimens in an air circulation oven at (70 ±
1) ⁰C. After 48 hours at a constant temperature, the specimens were removed and submerged in
a water vat at (23 ± 1) ⁰C.

3 Results and Analysis
The test results were analyzed qualitatively and quantitatively. The first was performed by
visual observations of changes in the systems during each cycle and the second by pull-off tests.
The analysis of variance method (ANOVA) was used to evaluate if differences between the
cycles are statistically significant.
3.1 Visual Analysis
Figures 5 to 10 illustrate the visual observations made in the test specimens throughout the 16
cycles. The visual inspection shows the occurrence of microbubbles, air bubbles, apparent
pores, melting and debonding.

Figure 5. Air bubble disrupted
and microporous in the Acrylic
membrane with mesh.

Figure 6. Microbubbles and
microporous in the Acrylic
membrane.

Figure 8. Debonding of the
bituminous sheet of the substrate
with increase the temperature.

Figure 9. Air bubble in the
Polyurethane system.
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Figure 7. Increase in viscosity
(melting) and microbubbles in the
asphalt cement between the
bituminous sheet and substrate.

Figure 10. Microbubbles and
apparent porous in the Polyurethane
system.
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3.2 Pull-off Analysis
The adhesion strength was measured using pull-off tests that were performed at the end of each
wetting and drying cycle. Figures 11 to 12 demonstrate the preparation and performance of the
test.

Figure 11. Preparation of the samples to the pull-off test.

Figure 12. Pull-off test in the polyurethane membrane.

The adhesion strength is given by the following equation:
𝑅𝑅𝑅𝑅 =

𝐹𝐹
𝐴𝐴

(1)

Where Ra is the adhesion strength, expressed in Megapascal (MPa), F is the force, expressed
in Newton (N), and A is the tested area, expressed in square millimeters (mm²).
In Figures 13 to 16 should be noticed that all waterproofing systems presented a decrease in
adhesion strength when at least 4 wet-dry cycles were applied. Adhesion Strength
2.50

2.23

2.00

2.06

1.98

1.88

1.50

1.00

Acrylic Membrane
with Polyester Mesh

0.50

0.00

0

2
4
6
8
10 12 14 16
Wetting and drying cycles (23 C to 70 C)

Figure 13. Adhesion Strength of Acrylic membrane with
Polyester mesh.

Adhesion strength (MPa)

Adhesion strength (MPa)

Adhesion Strength

2.50 2.12

2.07

1.98

2.00

1.73

1.50
1.00

Acrylic Membrane

0.50
0.00

0

2

4

6

8

10

12

14

16

Wetting and drying cycles (23 C to 70 C)

Figure 14. Adhesion Strength of Acrylic membrane.

Comparing Figures 13 and 14, it is can be seen that the reinforcement has no influence at the
adhesion strength of acrylic membranes. Also, a decline of adherence with number of cycles is
presented in both systems. Figures 15 and 16 indicates that the bituminous sheet and the
polyurethane membrane show no significant decrease in adhesion strength after 4 cycles.
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Adhesion strength (MPa)

Bituminous sheet

2.00
1.50
1.00
0.50
0.00

0.34

0

2

0.05
4

6

0.05

0.04

8

10

12

14

Adhesion strength (MPa)

Adhesion Strength
2.50

Adhesion Strength

2.50
2.08

2.00

Polyurethane Membrane

1.50
1.00
0.50
0.00

16

0

2

4

6

0.34

0.15

0.18
8

10

12

14

16

Wetting and drying cycles (23 C to 70 C)

Wetting and drying cycles (23 C to 70 C)

Figure 15. Adhesion Strength of Bituminous sheet.

Figure 16. Adhesion Strength of Polyurethane membrane.

In Figure 17, the variability of the adhesion strength results is presented. Each result is an
average of 10 specimens tested in each substrate plate. It is observed that polyurethane systems
presented a larger deviation. It was observed that specimens located in points where air bubble
formation results adhesion next to zero. Also, in the case of bituminous system, the penetration
of fluids in the polymer-modified asphalt pores causes a debonding process.
Adhesion Strenght

3.00

Acrylic Membrane

Adhesion strength (MPa)

2.50

Acrylic Membrane with
Polyester Mesh

2.00

Bituminous sheet

1.50

Polyurethane Membrane

1.00
0.50
0.00

0

4

8

16

Wetting and drying cycles (23 C to 70 C)

Figure 17. The Standard deviation of each waterproofing system.

It is noted that the behavior of the bituminous and polyurethane systems proved to be highly
sensitive to temperature actions and wetting cycles. Additionally, it is noticeable that the
adhesion strength of the bituminous sheet is the lowest, even in cycle 0. This factor is related
to the adhesion shape, thickness, and type of material used to adhere the layers. The system
consists of 3 layers: primer, polymer-modified asphalt cement and the bituminous sheet itself,
resulting a 6 mm thickness. So, there is a larger area for energy dispersion when the system is
stressed. In cycle 0, the adhesion strength of the polyurethane system was considerably high
comparing to the other systems. However, the cycles of weathering result a loss of this initial
behavior. As shown in Figure 9, during the wetting and drying cycle, air bubbles were formed
between the substrate and the polyurethane system. In this process, the system had a loss of
adhesion in some parts of the substrate.
Table 3 presents the comparison of adhesion strength of the tested systems using the analysis
of variance (ANOVA), the level of significance considered is 5%.
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Table 3. Analysis of variance and Tukey's paired comparisons of adherence strength.
System
Acrylic Membrane

Acrylic Membrane
with Polyester Mesh

Bituminous sheet

Polyurethane
Membrane

Cycle
0
4
8
16
0
4
8
16
0
4
8
16
0
4
8
16

Value-P
0.002

0.024

0.000

0.000

Media
2.12
2.07
1.98
1.73
2.23
2.06
1.98
1.88
0.34
0.05
0.04
0.05
2.08
0.18
0.15
0.34

A
A
A
A
A
A
A

A

Group

B
B
B
B
B
B
B
B
B
B
B

It can be seen that for all the systems the weathering cycle is significant for the decrease in
adherence (value-P is less than 5%). Also, a Tukey's method is used to compare all possible
pairs of results for each system. With this, it is possible to observe in the bituminous sheet and
polyurethane membrane the cycle 0 and the others are significant different. Bur, the acrylic
membranes do not show a significant difference in the adhesion strength up to the cycle 8.

4 Conclusions
Waterproofing systems as an integral part of the building need to provide weathering resistance.
Through tests on wetting and drying cycles, it was possible to understand the behavior of
waterproofing systems when adhered to the substrate. From the tests performed and materials
used the following conclusions are drawn:
- The adherence of the acrylic membranes to the substrate is less influenced by weathering
cycles than other systems. In addition, the use of reinforcement mesh does not influence
significantly in this pattern.
- Despite the high adhesion strength of acrylic membranes, it was observed over the
cycles the manifestation of air bubble disrupted and microporous. This may compromise
the system in terms of watertightness.
- The polyurethane membrane system and the bituminous sheet system lost their bonding
characteristic to the substrate after 4 cycles. In view of this behavior, it is necessary to
evaluate previously the place where it will be applied; therefore, it is not indicated for
regions susceptible to severe weather conditions, such as cycles of intensive rain and
extremely high temperature.
- The results demonstrate the importance of the thermal protection layer in waterproofing
systems that will be exposed to weather cycles. Moreover, a special attention should be
taken in the design and execution of this layer.
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Abstract. The aim of the current study is to investigate the carbonation behavior of cement hydrates at
different environments. Hardened cement pastes are prepared using OPC and BFS and crushed into
~90μm powder. The powder samples are carbonated at 5/20% CO2 and at 60/85%RH. TGA, XRD and
phenolphthalein tests are conducted before and after carbonation. The results show that CH remain
uncarbonated even after CO2 uptake apparently ended and that the amount of the residual CH affects
the results of phenolphthalein test. External humidity strongly affects the carbonation behavior of both
CH and other hydrates. The degree of CH carbonation is greater at higher humidity, while the degree
of other hydrates carbonation is greater at lower humidity. This conflicting effect can occur at surface
of bulk concretes and changes in its properties (coarsening of pore structure and cracking) can be
caused without apparent carbonation detected by phenol phthalein test. The effect of relative humidity
on CSH carbonation should be taken into consideration when estimating long-term performance of
carbonated concretes.
Keywords: Carbonation, OPC, BFS, Relative Humidity, Phenolphthalein Test.

1 Introduction
Carbonation of concrete leads to significant changes in its chemical and physical properties.
During the process, gaseous CO2 diffuses through pore network of concrete and react with
cement hydrates. When Portlandite (CH) is carbonated and consumed, pH value of pore water
decreases, which causes depassivation of steel bars embedded in RC structures. CH carbonation
also contributes to reduction in concrete porosity because precipitated calcium carbonate (CĈ)
clogs up the pore space. The clogging of porosity results in a decrease of diffusion path, which
improves weight transport resistance in general (Houst et al., 1994). In terms of porosity change,
it has been reported that carbonation of calcium silicate hydrate (CSH) has greater impact than
CH carbonation (Morandeau et al., 2014). CSH carbonation also alters pore size distribution of
cement pastes, which can cause coarsening of pore structure (Auroy et al., 2014). Furthermore,
it has been known that CSH carbonation is responsible for carbonation shrinkage and
subsequent cracking (Chen et al., 2006).
Summarizing the above, carbonation reaction of cement hydrates governs the property
changes of carbonated concrete. Better understanding on both the reaction behavior and the
impacts can help us to estimate the long-term performance of carbonated concretes. Up to the
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present, the impacts of cement hydrate carbonation has been widely investigated (Borges et al.,
2010; Auroy et al., 2014), and the changes in physical properties can be related to the degree
of carbonation (Morandeau et al., 2014). On the other hand, data on carbonation behavior of
cement hydrates are lacking.
As has been already known, carbonation behavior of cement hydrates is strongly affected by
external environment (Castellote et al., 2009; Galan et al., 2013). Thus, the aim of the current
study is to investigate the carbonation behavior of cement pastes at different humidity and CO2
concentration. Also, cement hydrates inside bulk concretes are carbonated under changing
environments (humidity and CO2 concentration), because concrete carbonation basically occurs
during drying process. In order to estimate the carbonation degree at any environment, it is
desirable to remove the bulk effect and to obtain direct relationship between the carbonation
degree and external environments. Considering the above, powdered samples (hardened
cement pastes) are employed in this study.

2 Materials and Experiments
3 types of cement pastes were prepared. 2 of them were made with OPC (LOI: 0.97%, SiO2:
21.41%, Al2O3: 4.84%, Fe2O3: 3.20%, CaO: 65.01%, MgO: 1.08%, SO3: 2.02%) and their water
to cement ratio were 0.45 and 0.60 (N45 and N60). The other was made with OPC and BFS
(50:50) and its water to cement ratio was 0.60 (BB60). The pastes were cast into prismatic
molds (40×40×160mm) and demolded after 24 hours. They were cured until 91 days under
water, and then crushed into powder. In order to uniform their particle size, crashed powders
were sieved with 90𝜇𝜇m mesh. The powder samples were dried in N2-purged desiccators, where
temperature and humidity were controlled at 20℃ and 60/85%RH. After drying, the samples
were carbonated at 4 different environments (Relative humidities were 60/85% and temperature
was 20℃, CO2 concentrations were 5/20%, and they are denoted as 6005, 6020, 8505 and 8520.).
In order to monitor CO2 uptake rate, sample weight was measured during carbonation, and the
tests were finished after 24 hours at CO2 concentration of 20% and 72 hours at CO2
concentration of 5%.
After accelerated carbonation, TGA tests were performed on carbonated and non-carbonated
samples. Measurement temperature ranged from 105 ℃ to 1050 ℃ at the heating rate of
10℃/min. The amount of CH and CĈ were calculated from TG curves and their decomposition
was detected from inflection point of ∆TG curves around 400℃ to 550℃ and 550℃ to 800℃.
Before the tests the samples were soaked in acetone for 48 hours and dried in vacuum desiccator.
XRD tests were also performed on the same samples. Patterns were obtained from 2𝜃𝜃 of 5° to
65°. In addition to TGA and XRD tests, phenolphthalein tests were carried out so as to compare
apparent carbonation and the degree of carbonation. The powders are packed into sample holder
(10×10×0.2mm), and phenolphthalein solution was dropped onto them. Sample color was
measured by means of color difference meter before and after phenolphthalein was dropped.

3 Results
3.1 Weight Change and CO2 Uptake
Figure 1. shows the results of monitoring of the sample weight during carbonation at 5% CO2
concentration. Sample weight shapely increased in first 8 hours, but the change slowed down
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quickly and was completed within 24 hours in most samples. The weight increase is mainly due
to CO2 uptake and evaporation of water generated through carbonation reaction. In the case of
OPC system, larger amount of CO2 was absorbed when water to cement ratio and external
humidity is higher. On the other hand, little difference can be found in OPC-BFS system,
although gentle weight increase continued after 24-hour carbonation at 60% RH. In Figure 2,
influence of CO2 concentration on the weight change is compared. As expected, increase in
sample weight was higher when CO2 concentration is higher. and the influence is more obvious
in higher relative humidity.
25

N45

N60

BB60

20

mass change(%)

20
mass change(%)

25

60%RH
CO2 5%

15
10

N45

N60

BB60

15
10

5

5

0

85%RH
CO2 5%

0

6

12

18

24

30 36 42
time (h)

48

54

60

0
72 0

66

6

12

18

24

30 36 42
time (h)

48

54

60

66

72

Figure 1. Sample weight monitored during carbonation (5%CO2).
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Figure 2. Weight change after carbonation. Carbonation time was 24 hours for 20 % CO2 and 72 hours for 5%
CO2.

3.2 Carbonation Behavior of Cement Hydrates
Figure 3. shows the results of TGA tests before and after carbonation. In some cases, especially
in lower relative humidity, CH dose not reach full carbonation even after CO2 uptake apparently
stopped (Figure 1.). It has been pointed out that degree of CH carbonation is strongly affected
by external humidity and that larger amount of CH is carbonated in more humid environment
(López-Arce et al., 2011; Galan et al., 2015). In Figure 3, the results of 5% CO2 concentration
are coincide with the reported behavior of CH carbonation, although little difference can be
found in the residual CH of 20% CO2 concentration.
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CH
In addition to the TGA results, the amount of CĈ generated from CH carbonation (𝑛𝑛CĈ
) and
others
other hydrates carbonation (𝑛𝑛CĈ ) is calculated using the following equations.

(1)

CH
𝑛𝑛CĈ
= 𝑛𝑛CH,nc − 𝑛𝑛CH,c

others
CH
𝑛𝑛CĈ
= 𝑛𝑛CĈ,c − 𝑛𝑛CĈ,nc − 𝑛𝑛CĈ

(2)

Where 𝑛𝑛CH,nc and 𝑛𝑛CH,c are the amount of CH contained in non-carbonated and carbonated
samples respectively (mmol/g). 𝑛𝑛CĈ,nc and 𝑛𝑛CĈ,c are the amount of CĈ before and after
carbonation (mmol/g).
The calculation results (grey and yellow lines in Figure 3.) illustrate that relative humidity also
has impact on other hydrates carbonation. In most cases, larger amount of CĈ is generated from
other hydrates at 60% RH than at 85% RH, and the amount of CĈ from other hydrates exceeds
that from CH carbonation at 60% RH. This general tendency is similar to carbonation behavior
of synthesized CSH reported elsewhere (Kim et al. 1995), where it has been pointed out that
CSH carbonation continues longer and greater amount of CO2 is absorbed at 60% RH than at
80%RH. In summary, higher humidity promotes CH carbonation and larger amount of CH is
consumed. On the other hand, lower relative humidity contributes to other hydrate carbonation
and larger amount of CH remain uncarbonated.
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Figure 3. Changes in the amount CH and CĈ. The amounts of CĈ coming from CH carbonation and
other hydrates carbonation are also illustrated in grey and yellow lines.

1268

Kiyofumi Nakada, Katsuhito Komiya, Hikaru Fumino, Yuhei Nishio, Manabu Kanematsu and Takafumi
Noguchi

3.3 Difference in Calcium Carbonate
Figure 4. shows XRD patterns for carbonated and non-carbonated samples. To compare the
presence of CH and three polymorphs of CĈ, only the range from 25° to 35° is shown in the
figure. In general, CH peaks do not disappear after carbonation and their peak height is higher
when samples are carbonated at 60%RH, which agrees with TGA results. In regard to CĈ
calcite and vaterite peaks are observed in every pattern, but their proportion of peak height is
different depending on relative humidity. At Vaterite peak height of 60%RH (orange) is higher,
whereas at calcite peak that of 85%RH (grey) is higher. Aragonite can be found only in 5%
carbonation (N45_6005 and BB60_6005).
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Figure 4. XRD patterns for carbonated (6005, 8505, 6020 and 8520) and non-carbonated (nc) samples. A, C, V
and P denote aragonite, calcite vaterite and portlandite respectively.

3.4 Color Change During Phenolphthalein Test
Table 1. and Figure 5. show the results of the phenolphthalein tests. Here, the color difference
before and after phenolphthalein addition is determined based on CIE L*a*b* color space,
where a* coordinate indicates red (positive) or green (negative). The color of non-carbonated
samples turns red immediately and Δa* value reach around 50 whereas, color change of
carbonated samples is slower and their Δa* value is below that of non-carbonated. The results
of carbonated samples also indicate that carbonation environment (both external humidity and
CO2 concentration) affects the sensitivity to the indicator, that is to say, Δa* value is smaller
when relative humidity and CO2 concentration are higher. In addition, the effect of relative
humidity is greater than that of CO2 concentration.
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Table 1. Photographs of compacted samples 60 minutes after phenolphthalein indicator was
dropped. Color difference index Δa* (positive: redder and negative: greener) is also shown below
each photograph.
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Figure 5. Changes in Δa* after phenolphthalein indicator was dropped. Non-carbonated (nc), carbonated at
60%RH and carbonated at 85%RH are illustrated as grey, orange and blue lines respectively.
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4 Discussions
Based on the obtained results, carbonation behavior of cement hydrates and their impact on
concrete properties are discussed. First of all, the results of weight increase (Figure 2.) do not
agree with the increase in CĈ amount after carbonation (Figure 3.). In other words, TGA results
indicate that less amount of CO2 is absorbed at 85%RH, whereas the weight increase is greater
at 85%RH. According to natural carbonation tests (Galan et al., 2012), larger amount of water
is released from CSH when it is carbonated at lower relative humidity (about 38%RH and 58%
are compared). Although the carbonation environment is different from that of the current study,
this carbonation behavior of CSH can explain the reason for the disagreement in the figures 2
and 3. When the powder samples are carbonated at lower relative humidity, more H2O can be
released from CSH due to drying and weight increase due to CO2 uptake is canceled.
Regarding to carbonation behavior of CH and other hydrates, the impact of relative humidity
is clearly observed. As has been pointed out, CH carbonation is promoted at higher relative
humidity (85%RH) and less amount of CH remain uncarbonated. Compared to the results of
phenolphthalein test, the amount of residual CH can be related to color change of
phenolphthalein. On the other hand, other hydrates carbonation is promoted at lower relative
humidity (60%RH). As a result, at 60%RH, other hydrates carbonation proceeds without
enough CH carbonation. Because other hydrates carbonation is more responsible for pore
structure changes and carbonation shrinkage, changes in cement paste properties can occur
without color change of phenolphthalein in such environments.
As mentioned in the first section, carbonation occurs during drying process. Especially
around surface of bulk samples or in small samples, drying proceeds immediately. In such
situation, carbonation reaction proceeds under lower relative humidity, which leads to other
hydrate carbonation without CH carbonation. In the previous research, CO2 concentration is
main factor for CSH carbonation and decomposition (Castellote et al., 2009). Relative humidity
also affects CSH carbonation, and this factor should be taken into account when estimating
long-term performance of carbonated concretes.

5 Conclusions
-

-

Powdered cement pastes were carbonated in order to investigate the impact of external
environment on carbonation behavior of CH and other hydrates.
The results of weight increase do not agree with that of TGA tests. The disagreement
can be related to the effect of relative humidity on stoichiometry coefficient of H2O
CSH carbonation reaction.
CH remain uncarbonated even after CO2 uptake apparently end and the amount of the
residual CH affects the results of phenolphthalein test. External humidity strongly
affects the carbonation behavior of both CH and other hydrates. The degree of CH
carbonation is greater at higher humidity, while the degree of other hydrates carbonation
is greater at lower humidity. The conflicting effect above can occur at surface of bulk
concretes, and changes in its properties (especially coarsening of pore structure and
cracking) can be induced without apparent carbonation detected by phenol phthalein
test.
Relative humidity, as well as CO2 concentration, strongly affects CSH carbonation, and
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this factor should be taken into account when estimating long-term performance of
carbonated concretes.
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Abstract. The so-called works of special arts, are constructions of high complexities that allow the
advancement of widening gaps and overcoming obstacles previously unthinkable. With the increase in
magnitude of these structures, in addition to greater investments, the maintenance of these structures
becomes an increasingly important factor for engineering. Among the elements of bridge structures, the
support devices are components with important structural functions, being essential for their proper
functioning and especially the durability of the entire structure. This paper aims to evaluate the
pathological manifestations in support devices so, according to inspections performed and the diagnosis
of causes, define their best practices and treatments for the maintenance and mitigation of the
pathologies found. In the practical study the following steps were performed: survey and selection of
the structures currently under maintenance of MetrôRio; selection of criteria for the evaluation of
pathologies; carrying out inspections; comparative analysis between the viaducts to determine the
priority order for negotiations; and definition of conduct. The results obtained were the result of
evaluation of the field analysis, diagnosis and comparison with tests performed in support devices.
Having as input the tests in the support devices, the best treatments and suggestions to avoid new
pathologies were proposed.
Keywords: Support Device, Infrastructure, Pathological Manifestation, Maintenance.

1 Introduction
Throughout history, bridges have been built to exemplify the engineering prowess of a
civilization, many enduring longer than the empires that built them (Wilson, 2009).
Bridges and infrastructures systems, due to their inherent vulnerability, are at risk from
ageing, fatigue and deterioration process due to aggressive chemical attacks and other physical
damage mechanisms (Biondini, 2015). The preventive and corrective maintenance should be
part of a comprehensive management process, including periodic surveys aimed at identifying
any existing structural anomalies and failures, diagnosing them and then defining recovery and
treatment actions, if necessary (Kainuma et al., 2014).
The culture of inspection and maintenance of road bridges, railroads and viaducts in Brazil
is recent, being from the 80's the first studies of pathologies in the structures (Araujoa, 2017).
There is a specific standard for the inspection work on bridges, viaducts and concrete
walkways, ABNT / NBR 9452/2016 (ABNT NBR 9452, 2016).

doi:10.23967/dbmc.2020.019
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Support devices are components with structural functions essential for the proper functioning
and durability of the structure, but not just a sample of the entire structure, the support device
alone can already represent a maintenance point of the structure, so its monitoring continuous
inspections are considered very important in the bridge maintenance management process
(Freire et al., 2015).
It can be said that knowledge of the state of the bearing apparatus is a good sign and well
represents the state of the bridges in their entirety in structural terms. Therefore, the analysis of
their pathologies, causes and origins is of great importance in defining the treatment and
maintenance of bridges, elevations and viaducts. (Freire et al., 2014).
Metal and concrete support devices expose some problems that discourage their use, either
in terms of maintenance difficulty, poor property of materials or even the built-in cost.
Therefore, over time, it was searched for elements that could cover all the needs of a support
device, this way arose the support devices in elastomer, based on polychloroprene, whose
widespread trade name is neoprene which as a product industrialized, it presents greater
uniformity of physical characteristics, as well as exceptional resistance to light and ozone, thus
providing durability significantly superior to that of other types of elastomers (Cordeiro,2014).
This paper aims to present approaches towards improving some specific infrastructure
maintenance principles, strategies, models and practices, based on a recent study to evaluate
the pathological manifestations in neoprene support devices, of the structures currently under
maintenance of MetrôRio.
The novelty of this work is in proposing a systematic approach to condition assessment,
deterioration forecasting, and maintenance decision making over the life-cycle of the built asset.
Given the importance of MetrôRio to society in Rio de Janeiro, it is essential that the entire
system works continuously as there is no margin to support major service disruptions.

2 Methods
In the methodology the following steps were used: survey of the viaducts, elevations and
bridges existing in the subway railway; selection of structures to be inspected; selection of
criteria used in the evaluation of pathological manifestations; conducting visual inspections
based on ABNT NBR 9452/2016; and suggestions for future interventions.
2.1 Inspection of Bridges and Support Equipment
Inspections are paramount to characterize the bridge's constituent elements and, therefore, their
classification according to criteria established in ABNT NBR 9452 (2016). Each element is
evaluated according to specific visual aspects defined in the standard. According to the same
standard, the following types of inspections are considered: cadastral, routine, special and
extraordinary.
ABNT NBR9452 (2016) provides in Annex A, a basic roadmap for tokens and cadastral
inspections, the proposed initial documents are described such as project data, execution record
and changes in the construction phase, previous inspections, among other elements that may
provide more inputs for the definition of the causes and better dealings.
Inspection of assistive devices may not be limited to the space in which they are positioned
and to the element. It is necessary to identify the general functioning of the studied artwork and
to verify the compatibility with the current behavior of the support devices.

1274

Felipe R. Gonçalves, Lais A. Alves, Assed N. Haddad and Elaine G. Vazquez

Because of their location, support devices are structural elements that are difficult to inspect,
but their behavior must be monitored by inspectors according to the following general
procedures in Table 1 (DNIT, 2004).
Table 1. Items to be inspected on assistive devices (DNIT, 2004).

Visually inspect the accessible faces of the
Check that the support device has been
appliance; After a few years of service, small
correctly vulcanized and that there are visible
cracks 2 to 3mm deep and 2 to 3mm long are
and oxidized charter steel sheets;
tolerable;
If there is displacement of the structure, measure Check for defective expansion joints on the
the angles between the surfaces of the structures superstructure, very close to the support
in contact with the support apparatus;
device or directly above the device.
Measure distortions of the support apparatus;

Check that the support device has been moved
from its original position;

Check for the presence of oils, greases or any Measure the heights of the support apparatus
other substance harmful to the elastomer;
at the edges and center points;

According to ABNT NBR9452 (2016), Table 2 can be considered as a parameter for
evaluating support equipment, given its condition and the scenario to which it is exposed.
Table 2. Device Classification (ABNT NBR9452, 2016).

Condition
Critical

Bad

Description
Support devices and / or their surroundings present breakdowns at risk of
structural collapse requiring repair intervention and / or immediate device
replacement.
Support devices and / or their surroundings present damage that compromises
structural safety without risk of collapse, requiring repair intervention and / or
short-term device replacement. All devices with breakage with charter exposure
fall into this classification. Follow-up is recommended and interventions may be
needed in the short term.

Regular

Support devices and / or their surroundings present malfunctions that may
generate some structural deficiency, but there are no signs of deterioration of the
devices, nor compromise of the stability of the work. Follow-up is recommended
and interventions may be necessary in the medium term.

Good

Support devices and / or surroundings are not malfunctioning. Interventions may
be necessary in the long run.

Excellent

Support devices and / or their surroundings are not damaged and the devices were
manufactured from 1987 following the recommendations of ABNT NBR 9783
(1987).
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2.2 Pathological Manifestation in Neoprene Support Devices
Although it has excellent performance compared to other types of support equipment, especially
when not in need of maintenance, the neoprene device also requires some care. Table 3 shows
recurrent pathological manifestations in neoprene supports.
Table 3. Pathological Manifestations in Neoprene Apparatus (Cordeiro, 2014).

Most Common Pathological Manifestations - Neoprene Apparatus
High Neoprene Distortion
Neoprene cracking or creep
Frame contact zone shutdown
High compression on neoprene
Loss of serviceability and distortion
Variations in rubber layer thickness
Unsticking of vulcanization of inner sheets
Degradation of sliding plates, guides or stops
Oxidation of steel elements

The causes for the deterioration of structures can be as diverse as the natural "aging" of the
structure to the irresponsibility of some professionals who choose to use materials that are out
of specification (Souza and Ripper, 1998).
The causes of pathologies in structures have their origins in two groups: intrinsic causes referring to the processes of deterioration inherent in the structure itself, i.e. its origin is in
execution, use, human failures, etc. and extrinsic causes - external to the material body, can be
understood as factors that attack the structures from the outside inwards, throughout the process
of conception, execution or the useful life. The most common causes of decreased service life
in assistive devices are listed in the Table 4 (DNER, 2006).
Table 4. Causes of Pathological Manifestations in Support Devices (DNER, 2006).

Most common causes of pathological manifestations
Intrinsic damage not detected during Irregular seating
installation
localized overload
Displacements, rotations and loads in Unintended
service much higher than estimated
environment
Attack by chemicals

causing

aggressiveness

additional
of

the

Badly nesting in the crib

The treatment of a pathological manifestation should be done according to the inspection
report, condition and definition of the causes of the given manifestation.
As it is a synthetic structure, of specific manufacture, it is more common that if it presents
anomalies, it will be replaced by a new device. Except in the case of incorrect positioning of
support devices or displacement of a Teflon sliding plate, for example.
Table 5 presents some common types of repair methods according to each pathology in
neoprene support devices (Cordeiro, 2014).
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Table 5. Neoprene Support Devices Treatments – adapted (Cordeiro, 2014).

Damage to Support Devices
Corrosion, presence of dust and moisture
Massive corrosion leading to section loss
Offset or misalignment
Neoprene deterioration or wear
Fissures
Fragmentation of concrete in support

Repair Dealer
Cleaning and use of protective paint.
Replacement
Component replacement or total
Replacement
Crack sealing or replacement
Removal and execution of new concrete

3 Results – Case Study of Pathological Manifestations, Their Causes and
Treatments in Neoprene
All MetrôRio's assets are cataloged according to an asset tree ABNT NBR ISO 55000 (2014),
which aims to give an overview, keep all history of interventions, corrective or preventive, and
maintenance plans in force combined with each group of systems and equipment. Thus, the
support devices studied in this work are under the structures system.
The object of case study was the support devices and their surroundings. The elevations
between São Cristóvão and the MetrôRio Maintenance Center and between the Triagem and
Maria da Graça stations are the oldest in the system, and their construction dates back to the
late 1970s, or about 35 years of operation.
The recommendations of DNIT inspections were followed (DNIT,2004). Field information
has been posted in a specific form for this service. A specific inspection campaign was carried
out for the support devices of each structure. As an input for maintenance decision-making,
1228 neoprene support devices were performed along the entire railway structure. The
inspections were performed by specialized technicians using the visual method, with the naked
eye, and the access was made by stairs with a reach of 9.00 meters in height. The fieldwork was
accompanied by a professional specialized in occupational safety, all safety procedures were
complied with in accordance with current legislation. No device has been classified in the
Excellent Class because it is over 30 years old and has not been manufactured (ABNT NBR
9783, 1987).
The CNV - SCR Elevated is located between the Maintenance Center - MC and the São
Cristóvão station (later, there was also the connection of the elevated with Cidade Nova station).
The old elevation has a total length of 970m and consists of 30 spans, 4 spans with 4 beams, 1
span with 3 beam and 25 spans with 2 beams. The trays are seated on 28 pillars and two staked
joints at the longitudinal ends, constituting isostatic spans. In the beam x pillar and beam x
encounter interface there are chartered neoprene support devices with regular dimensions of
700 x 250 x 40 mm. In this elevation, 30 pillars and 138 support devices were evaluated, two
of which were not inspected for being covered. It was found that most of the assistive devices
(79 units) inspected at this stage were classified as being in a regular state of conservation
(57%). Supporting devices fitted with poor condition total 57 units (42%), as shown in Fig. 1.
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Condition of assistive devices - High Old CNV
- SCR
Bad; 57; 42%

Regular; 79;
58%

Figure 1. Support Device Conditions - CNV – SCR.

Elevated TRG -MGR is mostly located between the Triagem (TRG) and Maria da Graça
(MGR) stations and starts after leaving the Bernold tunnel next to the Mangueira Olympic
village. The Elevado has a total length of 2,925 meters and is formed by 84 spans, mostly with
4 precast beams each, with chartered neoprene appliances with dimensions 750 x 200 x 40 mm.
In this elevation, 361 support devices were evaluated, and 37 pillars were not inspected because
they were in a risk area where access could endanger the inspection team. It was found that
most of the support devices (269 units) inspected at this stage were classified as being in a
regular state of conservation (75%). Poorly classified support devices total 78 units (22%), 9
units (2%) were considered in good condition and 5 critical support devices (1%), as shown in
Fig. 2.

TRG - MGR High Support Appliance
Conditions
Good; 9; 2% Critical; 5; 1%

Bad; 78; 22%

Regular; 269;
75%

Figure 2. Support Device Conditions - TRG – MGR.

1278

Felipe R. Gonçalves, Lais A. Alves, Assed N. Haddad and Elaine G. Vazquez

With the definition of the pillars that concentrated the largest number of critical devices,
aiming at a better use of the operation, the decision was made to replace 12 units, from the
perspective of urgent replacement. Tables 6 present this pathological manifestation, with the
degree of risk, possible cause and the indicated treatment.
Table 6. Pathological manifestations in the devices and support.

Pathological Manifestation - Cradle Degradation (Plinth)
Pathology Anomaly around the support
apparatus,
but
caused
by
malfunction of the element.

Risk
Cause
Treating

4

Critical risk - severe pathological manifestation with compromised structural safety
From a malfunction of the supporting bond between the superstructure and the
mesostructure of the elevation.
The treatment, in addition to the replacement of the support apparatus, should
include reinforcement of the plinth with its recomposition at the bottom, called the
cradle. As said, in neoprene support devices, it is not common to perform
maintenance and treatment interventions on the element, but rather its immediate
replacement.

Conclusions

The concern with the maintenance of structures such as those of special artworks was
motivating for the work and allowed to relate the pathological manifestations in support devices
with the pathological manifestations of the structures, the intrinsic and extrinsic causes as a
whole, allowing an analysis, albeit superficial in the field of subject matter, sufficient for
decision. The novelty was the proposal of a systematic approach to condition assessment,
deterioration forecasting, and maintenance decision making over the life-cycle of the built asset.
Supporting devices are structural connecting elements which allow forces to be transmitted
between the superstructure of the artwork and its support and are therefore essential elements
for the proper functioning of the structure into which they are inserted.
The inspection processes took place exactly in accordance with all the literature found,
allowing great inputs for subsequent decision making. Thus, the pathological manifestations
were quite explicit.
As for the causes of the manifestations, it is a complex study and although there is literature,
it is not trivial to understand the reason why two support devices, theoretically manufactured
under the same process, of the same age, suppose stored in the same form, are adjacent to each
other, exposed to very close loads and exhibit behaviors so distinct in terms of behavior in
service.
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Even with breakage and chartering exposed in the corrosion process, the devices can still
perform satisfactorily without causing movement restriction of the part. But in these cases,
annual monitoring is essential to follow up on a case-by-case basis to make sure that the
performance and operation of the chartered neoprene parts is still adequate.
As for the process of negotiations, in cases where no substitution was considered, monitoring
will take place in accordance with the first inspection. Thus, the big point of the issue of support
devices is to understand their operation not individually but in conjunction with adjacent
structures, as it is evident that despite some anomalies found, support devices, except those that
had signs of degradation around them, they were still able to remain in service, provided they
were well monitored.
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Abstract. A compact fatigue testing machine to quantitatively evaluate the effects of this complex
degradation of sealants and the load change of the sealant under dynamic fatigue has been developed.
The developed fatigue testing machine is compact with dimensions of (width) 100 × (length) 135 ×
(height) 110 mm. It can be installed in an outdoor exposure test site or in a chamber. Thus, this machine
can be used for performing various compounded accelerated degradation tests. We report the use of
this testing machine to examine the effects of this complex degradation of sealants and the load change
of the sealant under dynamic fatigue.
Keywords: Fatigue Testing Machine, Sealant, Joint, Fatigue Resistance.

1 Introduction
The factors contributing to the degradation of the construction sealants used in exterior walls
can be broadly classified into weathering (heat, ultraviolet rays, moisture, etc.) and joint
movement and they work simultaneously in a complex manner. Especially, for dynamic joints,
these factors work simultaneously and in a complex manner, and they continue to take effect
from the moment that they are filled in the joint until the end of their life.
Current evaluation tests for the sealants mainly evaluate properties after curing in relation to
a single degradation factor. No evaluation method for the effect of movement during curing
process or one in which complex degradation can be applied had been established yet.
For this reason, we worked on developing a compact fatigue testing machine for the sealant
to quantitatively evaluate the effect of complex degradation and load change in the sealants at
the time of dynamic fatigue.
Using the developed compact fatigue testing machine the effects of the joint movement
during curing on the physical characteristics and the shape of the sealant and the changes in
physical properties of the cured sealants were evaluated. The changes in compression and
tensile stress of the sealant when repetitive expansion/contraction fatigue (deformation) was
applied to the sealing joints with variable fatigue cycle, displacement, and temperature were
also measured and examined.
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2 Overview of the Fatigue Test
2.1 Overview of the Fatigue Testing Machine
Conventional fatigue test machines are all large devices with low versatility and high price.
When developing the current fatigue machine, the following points were paid attention to (a)
compact size, lightweight, installable in a chamber; (b) easy mechanism; and (c) the price range
is such that concerned parties can use the machine in round-robin fashion.
An overview of the developed testing machine is shown in Figure 1 and Table 1. It comprises
of (1) fatigue testing machine unit, (2) load measurement device, and (3) PC for measurement
purposes. It is capable of measuring the stress (load) on the sealants simultaneously while
applying repetitive expansion/contraction deformation.
The dimensions of the fatigue testing machine are 100 mm (Width)  135 mm (Length) 
110 mm (Height) mm and it weighs only 1.3 kg and can be held by one hand. The device runs
on AC 100 V power source or a DC 12 V battery, so it can be installed for outdoor exposure
test and can also be placed in a chamber.
Two types of machines with different fatigue cycles were made. One was a fixed-cycle (one
cycle/24 hrs) type, in which the number of rotations was controlled only by the combination of
a motor equipped with a decelerator and a worm gear. Another was a variable cycle type, in
which the number of rotations could be electronically changed with a stepping motor which
was combined with the reduction gear ratio of the worm gear. The main unit is separated into
the test unit on the upper fixed platform and that on the lower control unit. A test specimen was
fixed between the movable section jig and the fixed section jig in the test section, and the load
generated by the reciprocal motion of the compression and tension displacement of the movable
section was detected by a load cell. In the control unit, high torque is realized by the motor
equipped with the decelerator or the combination of the stepping motor and the worm gear, and
it rotated within the specified range controlled by a displacement control cam attached to a
rotation axis. The load method is explained as follows. In the displacement mode we used, the
compression and tension displacement were applied alternately in a sine wave. The
displacement was set at ± 1.2 mm (± 10%), ± 2.4 mm (± 20%), and ± 3.6 mm (± 30%) in relation
to the joint width of 12 mm. For joint movement cycle, with this machine two levels could be
selected, i.e., once per day (24 hrs) and 5 cycles/min (approximately 12 s). The latter is the
range specified in JIS A 1439.
Table 1. Compact Fatigue Testing Machine Specification.

Figure 1. Compact Fatigue Testing Machine
(Variable cycle type).
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2.2 Sealants Used in the Test
Silyl-terminated polyether (STPE) type sealants having a silylated polyether main chain with
reactive silyl terminal groups as the main ingredient, which forms siloxane bonds through
moisture-curing and thereby exhibits rubber elasticity, were selected. It has excellent
weatherability, durability, heat resistance, workability, and good paintability on the surface and
is widely used for construction sealing materials and elastic adhesives. General structural
formula of STPE is shown in Figure 2.
In the test, the two types of sealants were used, i.e., 1-component type (MS-1) and 2component type (MS-2, F-25LM-9030), with tensile properties and relaxation rate shown in
Table 2. The tensile properties were measured according to JIS A 1439 (tensile velocity was
5.5 ± 0.7 mm/min). The stress relaxation rate was obtained from Equation 1. The larger the
stress relaxation rate is, more is the reduction in tensile stress generated in the sealant with time.
Table 2. Tensile test results and stress relaxation rate
of the sealant used.

Figure 2. General structure of silyl-terminated polyether.

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 30% 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 30% 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓 15 ℎ𝑟𝑟𝑟𝑟
(1)
−
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 30% 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

2.3 Specimen Shape

As shown in Figure 3, the test specimen was an ISO type (W 12
mm × D 12 mm × L 50 mm) using anodic oxide coated
aluminum as the substrate. The substrate was coated with a
primer exclusive for sealants.

Figure 3. Specimen (ISO type) shape
/dimensions (unit:mm).

3 Effect of Repetitive Deformation on Curing Sealants
3.1 Fatigue Test Method
Tests were carried out on two types of test specimens for MS-1 and MS-2, i.e., the cured test
specimen in accordance with JIS A 1439 (also called specimen after curing) and the test
specimen immediately after the sealants had been applied to the joints (also called specimen
before curing). In order to measure the load change in the joint, backup material was not used
in the specimen, and Teflon tape was attached to the bottom of the rear side so that the sealant
could be peeled off. The deformation rate of the joint was set at ± 20%, and the test was started
from the compression side. The cycle was set at once per day in accordance with the actual joint
behavior. The test period was set to two weeks (total number of deformations: 14). Load (stress)
changes in case of movement applied to sealants during curing were evaluated.
3.2 Fatigue Test Results
3.2.1 Load changes and damage state of the sealant
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Figure 4 shows the load changes in each Table 3. Surface/reverse for specimen before curing after
test.
specimen related to the repetitive
deformation. For both MS-1 and MS-2, we
can see that the specimen before curing had
a reduced load amplitude compared to the
specimen after curing, and that it was
affected by the movement during the
curing. In particular, the MS-1 specimen before curing showed these tendencies prominently.
The conditions of the front and rear face of each pre-cured specimen subjected to fatigue test
did not show any change. Meanwhile, the front face of the specimen before curing swelled in a
convex shape, as shown in Table 3. The MS-1 specimen before curing had a large hole in the
center of the rear side. It was considered that the sealant was damaged due to significant effect
of the movement applied during curing. Additionally, the rear face of the MS-2 specimen before
curing was deformed to a convex shape.

Figure 4. Changes in load against repetitive deformation.

Figure 5. Displacement and load hysteresis curve
for the first repetitive deformation.

3.2.2 Hysteresis curve of the displacement and load after first fatigue cycle
Figure 5 shows the hysteresis curve of the displacement and load of the sealants after first
repetitive deformation cycle. The initially uncured specimens were slow in expressing the
strength compared to the cured specimens, and the load zero value before and after one fatigue
cycle did not match. This may be due to change in shape of the sealants or due to damage.
Meanwhile, for the cured MS-1 specimen, the difference in the load before and after the
tension/compression round-trip was greater compared to that of the cured MS-2 specimen,
presumably due to fatigue.
3.3 Observations Concerning Fatigue Resistance
3.3.1 Effect of curing state due to repetitive deformation
In case of the uncured MS-1 specimen, the sealants hardened gradually from the surface (Figure
6). Since the shape coefficient D/W (D: joint depth, W: joint width) decreases in the initial
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curing period, the sealant was rendered into a state being easily deformed outward, as shown in
Figure, once the compression movement was incurred during the curing. Additionally, when
the movement occurred during the curing of MS-2, the compression/tensile load ratio changed
(Figure 7). This also suggests that the change occurred similarly in the joint cross-section. That
is, when it receives the movement during the curing, the subsequent fatigue resistance would
be affected.

Figure 6. Changes in membrane Figure 7. Changes in compression
thickness and joint cross-section change. /tensile load (cycle day 1).

Figure 8. Relationship between relaxation stress
ratio and repetitive deformation.

3.3.2 Effect of stress relaxation due to repetitive deformation
The relaxation stress ratio (fatigue stress ratio) has been defined as the ratio of the generated
stress under the repetitive deformation to the maximum stress (load) at the first movement cycle
expressed as the reference value 1. Its relationship with the number of repetitive deformations
is shown in Figure 8 above. The reduction in relaxation stress ratio of the cured MS-1 specimen
is larger, compared to the cured MS-2 specimen. Additionally, the relaxation stress rate greatly
decreased after applying repetitive deformation. For both specimens, the decrease in the stress
relaxation ratio on the compression side was greater than that on the tensile side, and it can be
considered necessary to carry out repetitive fatigue tests to evaluate the effect of stress
relaxation in the sealants.

4 Effect of Repetitive Deformation in Relation to Cured Sealant
Next, different repetitive deformation were applied to the cured sealant and the compression
and tensile stress of the sealant were measured and observed.
4.1 Fatigue Test Method
MS-1 and MS-2 described in Section 2.2 were used. The compression and tension
deformation rate of the joint was 20% of joint width, and the fatigue test started from the
compression side. The cycle was 12 s, and the maximum number of the fatigue cycles were
10,000.
4.1.1 Viscoelasticity Properties of Sealant
The changes in the stress of the sealant at the first fatigue deformation is shown in Figure 9.
For MS-1, maximum compression stress was 2.2 times greater than the maximum tensile
stress, and this ratio was 2 times for MS-2. For MS-2, at the displacement zero point (at 6 s
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where the joint changed from contraction to expansion), the stress became zero, indicating the
elasticity. Meanwhile, for MS-1, the changes in the stress preceded the movement, and the
tensile stress was generated at the displacement zero point, indicating the tendency to easily
undergo compressive setting and the viscoelasticity.

Figure 9. Sealant stress changes at first repetitive
deformation (12-second cycle).

Figure 10. Relationship between relaxation stress ratio
and the number of deformation (12-second cycle).

4.1.2 Sealant Stress Reduction Characteristics in Relation to Repetitive Deformation
The relationship between the relaxation stress ratio and the number of the repetitive deformation
(when maximum tension and compression load for the first repetitive deformation cycle = 1) is
shown in Figure 10. For both MS-1 and MS-2, the stress relaxation ratio in the compression
side became smaller compared to that in the tensile side as the number of the repetitive
deformations increased. This is particularly prominent in the case of MS-1. Figure 11 shows
the hysteresis curve of the displacement quantity and stress for each fatigue cycle.
When the repetitive deformation was applied once, the phase differences for both
displacement and stress for both MS-1 and MS-2 were large. The difference was particularly
large in MS-1, compared to MS-2. Additionally, in terms of the effect of the joint displacement,
the effect of the compression side is greater than that of the tensile side. Therefore, MS-1 has
more viscous properties (dashpot) and less elastic properties (spring) than MS-2. However, as
the number of the fatigue cycles increased, phase difference became smaller.
4.1.3 Effect of the Fatigue Cycle
Table 4 shows the relationship between the number of test days and total strain energy under
test conditions. The 12-s cycle test had 1/10th the duration compared to 1-d cycle test, but the
total strain energy was five times greater. Figure 12 shows the relaxation stress ratio for the 12s and 1 day fatigue cycle tests. For MS-2, the stress relaxation ratio at the 14th fatigue cycle in
both cases was almost the same. This is because the number of repetitions of the joint
deformation may be dominantly influencing the MS-2 stress reduction characteristics, as shown
in Figure 10. Meanwhile, for MS-1, the stress relaxation ratio at the 14th fatigue cycle in the 1d duration cycle test is small, compared to that of the 12-s cycle. This is assumed to be because
the fatigue loading time exerts a dominant influence on the MS-1 stress reduction characteristics.
From the above, MS-2 was able to bear the effect of 1 cycle/day fatigue (the actual cycle)
based on the test method using a fatigue cycle of 5-6 cycles/min specified in JIS A 1439 under
temperature conditions of 23 ± 2oC. However, for MS-1, it is may be necessary to execute
fatigue tests in accordance with the actual cycle.
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Table 4. Relationship between the number of
test days and the strain energy under the load
cycles and the maximum deformation cycle in
this study.

Figure 11. Hysteresis curve for displacement
and stress (12-second cycle).

Figure 12. Effect on stress decrease in
sealants
due to differences in fatigue cycles.

5 Effect of Displacement Quantity, Temperature Conditions and Repetitive
Elongation/Reduction Deformation
Next, the changes in the compression and tensile stress of the sealant when the repetitive
expansion/contraction reformation was applied to the cured sealants while changing the
displacement and temperature were measured and examined.
5.1 Fatigue Test Method
After installing MS-2 specimen in the compact fatigue testing machine, it was kept for sufficient
time under arbitrary temperature conditions (5, 23, 40°C). Then the repetitive
expansion/contraction fatigue with a deformation rate of ± 10% or ± 20% in relation to the joint
width was applied from the compression side. The repetition cycle was 12 s, and the maximum
number of fatigue cycles were 8,000 to 10,000 (at 23°C, ± 20% 30,000 times maximum).
5.2 Fatigue Test Results and Discussion
5.2.1 Sealant Stress Reduction Characteristics in Relation to Repetitive deformation
The relationship between the relaxation stress
ratio when the maximum tension stress (load) for
the first repetitive deformation cycle was
expressed as 1 and the number of the repetitive
deformation is shown in Figure 13.
Under the deformation rates of both ± 10% and
± 20%, the relaxation stress ratio became lower for
each repetition. Also, the deformation rate of ±
20% had a smaller relaxation stress rate compared
to that of ± 10%. Meanwhile, no significant

Figure 13. Relationship between relaxation stress rate
and the number of deformation (12-second cycle).
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temperature dependency was observed for the relaxation stress ratio.
5.2.2 Hysteresis Curve of Displacement Quantity and Load
The hysteresis curves of displacement and the load under various temperature conditions with
the deformation rate of ± 20% are shown in Figure 14.
At 23°C, the displacement and the phase difference of the load were small up to a fatigue
count of 8,000, whereas the phase difference became large at or above the fatigue count of
20,000. Meanwhile, at 5°C, the phase difference was large even at the fatigue count of 8,000,
and it was larger than that at 23°C and 40°C.

Figure 14. Hysteresis curve of displacement and load under various temperatures (deformation rate ± 20%).

6 Conclusions
This fatigue testing machine was developed to evaluate the durability of sealants against
degradation under outdoor environment. Various methods of utilization can be sought
according to the user objectives. For example, the testing machine we developed reproduces
the movement of the sealants and can be used in combination with outdoor exposure or in an
accelerated deterioration test device. This way It is possible to perform a variety of complex
degradation tests and further utilization for future sealing technology can be sought.
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Abstract. In the framework of the European project H-House various concrete façade elements were
developed with the aim to ensure a long service life by combining a very durable material with selfcleaning properties. The façade elements presented are made of a shell of UHPC filled with blocks of
aerated autoclaved concrete as insulating material. Self-cleaning properties were realized amongst
others by imprinting a microstructure into the surface during casting. The paper focuses on selected
technological aspects of the manufacturing process of prototypes which had to be performed in two
concreting sections. Furthermore the challenges faced when upscaling the self-cleaning properties are
addressed and the strategy to assess the self-cleaning properties by measuring the contact and the rolloff angel is presented. The results show that a successfull upscalaing process requires detailed planning
and that the best results can often be achieved with a moderate work effort or material use.
Keywords: Ultra-High-Performance Concrete, Façade Elements, Self-Cleaning Properties, Adhesive
Pull-Strength, Microstructure, Architectural Concrete.

1 Introduction
Highly automated production plants and design methods based on Building Information
Modelling (BIM) make the prefabrication of building elements very efficient. Façade elements
made from concrete can be produced regardless of weather conditions in variable shapes and at
the highest quality and delivered just in time to the building site. Aim of the European project
[H]house (Healthier Life with Eco-innovative Components for housing Constructions) was to
develop a variety of new multifunctional and flexible building components which are
characterized by long service life, reduced maintenance and a long-term improvement of energy
efficiency. Within the project part the BAM was involved, self-supporting sandwich façade
elements consisting of a thin shell of ultra-high performance concrete (UHPC) filled with an
insulation of autoclaved aerated concrete (AAC) were designed (Miccoli et al., 2015, Fontana
et al., 2016). UHPC allows the manufacture of very filigree, lightweight and resource-efficient
building components with high durability and is therefore optimally suited for pre-fabrication.
Sustainability of the façade elements was further increased by the optimization of the binder
and adding self-cleaning properties to the surface based on either the integration of
photocatalytic TiO 2 into the bulk of the thin UHPC layer or by copying the Lotus® effect. Selfcleaning properties referred to as the Lotus® effect are based on the interaction of the specific
micro texture and the water-repellent nature of the surface that makes a water droplet taking off
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pollutions from the surface when it is rolling off (Barthlott et al., 2016, Si et al., 2018)

2 Materials and Methods
The concrete mixture specified in Table 1 was designed by the company Dyckerhoff which was
one of the industrial project partners. While ensuring a minimum strength requirement of 100
MPa a binder composition named [H]house Compound 5941 based on the Nanodur® fine mix
was developed which contains less than 55 % Portland cement clinker and results in a reduction
of non-renewable energy and global warming potential (Deuse et al., 2018).
Table 1. UHPC mixture.

Material
[H]house Compound 5941 grey
Aggregate (0-2 mm)
PCE superplasticizer
Water

Content in kg/m³
1050
1150
17,85
178,5

Due to its fineness and fine-tuned granulometry the mixture further allows to imprint a
microstructure into the concrete surface with very high quality. Figure 1 shows confocal laser
images of a technical fabric with a defined micro texture that was used as substrate for the
UHPC cast (a) and the resulting UHPC surface (b), which demonstrate the very accurate and
almost defect-free replication of the micro texture (as negative imprint). To achieve a
hydrophobic surface a hydrophobing agent was applied to the substrate shortly before
concreting and incorporated into the hardening concrete.

a. Substrate with ‘pimples’ (diameter: 3 µm)

b. UHPC cast with holes (diameter: 3 µm)
Figure 1. Confocal laser images of substrate (a) and UHPC surface (b).

Based on structural and economic reasons the façade panels are designed as box shaped
UHPC elements which are protecting the shock sensitive AAC insulation (Figure 2). Due to the
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support from the edges of the box no shear forces are generated in the interface between load
bearing structure and insulation during transport and service life so that additional connectors
can be omitted. The frame further increases the stiffness of the box-shaped element so that the
cross-section of the UHPC can be decreased. When casting the elements with a single concrete
batch the floating body had to be protected against buoyancy which was discarded because of
its proneness to errors. Therefore, the façade elements were manufactured in two steps. After
initial hardening of the exterior layer a rigid frame was placed as internal formwork on top of
the panel and the upturning edges of the box were cast in a second concreting section.
In the following sections selected tests regarding different technological aspects during the
upscaling process are presented. They concern the analysis of the bond strength between the
two concreting sections, the optimization of imprinting a microstructure with a hydrophobic
surface and the assessment of the homogeneity of the self-cleaning surface.

Figure 2. Façade panel consisting of box-shaped UHPC element and insulation of AAC.

3 Technological Aspects
3.1 Adhesive Pull Strength between the Two Concreting Sections
To identify the best surface treatment for an optimum bond between the two concreting sections
adhesive pull strength tests were performed at samples sized 30 x 30 cm which were
manufactured in wooden formwork coated with a plastic film. After the final setting of the first
2,5 cm thick concreting layer the surface was either left untouched, wetted or roughened using
a wire brush (b) in one (1d) or two directions (2d) before the second layer with a thickness of
7,5 cm was poured (Figure 3). After an aeration time of 5 minutes the samples were covered
until stripping after 18 hours. The samples were turned around so that the first thinner layer was
on the top and the adhesive pull strength was tested according to DIN EN 1542. The surface
tensile strength of the monolithic system served as reference. In addition, the effect of a bonding
coat (BC) applied to the first layer before concreting the second layer was included into the
examination.
The results of the adhesive pull strength (Figure 4) illustrate that without roughening the
surface the bond strength between the two concreting sections is only about 12 % of the surface
bond strength of the reference sample and wetting of the surface only has a negligible effect.
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Figure 3. Sample for testing adhesive strength.

Within the “elephant skin” which formed on the first layer ventilation pores are trapped and
weaken the cross section (Figure 5, left). After roughening the surface with a steel brush in one
direction the loadbearing behavior corresponds to the monolithic reference so that no further
measures are necessary. The system fails not in the joint but within the second layer, which was
concreted several hours later than the first layer. The application of a bonding coat in contrast
lead to an early cohesion failure within the bonding coat.

Figure 4. Surface (reference) and adhesive pull strength depending on the processing of the surface before
concreting the second layer. 2l = two layers, b= brush, d = dry, w = wet, BC = bonding coat.

Figure 5. Failure in the joint due to “elephant skin” (left) and cohesion failure within the 2nd layer (right).
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3.2 Upscaling of Micro Structured Self-Cleaning Surfaces
For the manufacture of the micro structured surfaces formliners covered with a hydrophobing
or releasing agent were integrated into the formwork. In a first step different substrates were
analyzed regarding the durability of the surface quality and the hydrophobic properties of the
concrete specimens cast in them. For this, measurements of roughness, contact and roll-off
angle, lightness and proportion of pores were performed over the course of ten consecutive
pours using the same formwork. The root mean squared roughness was measured with a
confocal laser microscope and the contact and roll-off angle were determined with a contact
angle measuring system. The lightness and the proportion of pores were calculated using a color
calibrated scanner whereby the value 255 corresponds to white. Best results were achieved for
a substrate of polyurethane rubber to which 80g /m² of hydrophobing agent based on silane and
siloxane were applied before the concreting.
All the parameters measured for evaluating the stability of the surface quality for both
substrate and concrete exhibit only minor changes over the course of the pours (Figure 6). The
contact angle measured on the formliner when using the hydrophobing agent as test liquid is
always far below 90 ° ensuring a homogeneous wetting of the substrate. The contact angles of
the concrete surfaces in contrast stay always over 140° and are thereby attaining superhydrophobic properties. The slope angels of the concrete samples cast remain very small
throughout the repeated use of the formwork ensuring very good self-cleaning properties. The
lightness of the surface does not decrease and the proportion of pores is always below 0,9 %
(Figure 6) thereby fulfilling the requirements for architectural concrete class 3 (DBV, 2004).

Figure 6. Parameters evaluated for the substrate and the UHPC sample during subsequent concreting.

In a second study the impact of the time span between application of the hydrophobing agent
and the concreting was examined in detail using the following test set-up: Ten frame formworks
sized 10 x 10 cm were positioned on a micro-structured silicone mat, to which 90 g /m² (45 g
of active ingredient) of the hydrophobing agent was applied with a brush. After continuously
increasing time intervals the formwork was filled with concrete and after 5 minutes of
deaeration covered with plastic sheets for curing. To analyze the evaporated amount of
hydrophobing agent in the time span between application and concreting a reference formwork
consisting of frame and silicone mat with the equal amount of hydrophobing agent was weighed
in the corresponding time intervals.
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After stripping the formwork, the concrete surface was assessed visually and by measuring
the contact and the roll-off angel (Figure 7).
The results show that even after a time span of 90 minutes between application of the
hydrophobing agent and concreting the UHPC surface can be called superhydrophobic. While
the contact angel remains on the original level, the slope angel after 30 minutes increases
discontinuously from 5 to 37° (Figure 7). The quality of the architectural concrete however
deteriorates when the time span between application of the hydrophobing agent and concreting
exceeds 10 minutes (Figure 8).

Figure 7. Development of the hydrophobic quality of the surface in dependence of the time interval between
application of the hydrophobing agent and concreting.

Figure 8. Quality of architectural concrete gained after (a) 10 min and (b) 30 min time span between application
of the hydrophobing agent and concreting.

In a further step the impact of the application of the hydrophobing agent and the flow
behavior on the hydrophobicity of the concrete surface was assessed by concreting samples
sized 160 x 60 cm. Within the test series the hydrophobing agent was applied in different
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amounts 160 g/m² and 80 g/m² (active ingredient content 80 g/m² and 40 g/m²) and dilution
with water (1:1, none) to the silicon mat at the bottom of the formwork in two different ways
(spray and roller application). Maximum 5 minutes after the application of the hydrophobing
agent the concrete was cast using a conical discharge hopper positioned 40 cm from the rim of
the formwork (Figure 9, left). The formwork was stripped after 24 hours and the elements were
stored for 14 days at 23°C and 50 RH. Afterwards 11 cores with a diameter of 10 cm were
drilled out of the element (Figure 9, right) and after cleaning with rinsing water stored for
another week at 23 °C and 50 RH before the contact and slope angles were measured.

Figure 9. Concreting of test samples (left) and core extractions (right) to assess the self-cleaning properties.

Figure 10. Hydrophobic quality of the surface depending on the distance from the discharge hopper. SA = spray
application, RA = roller application; numbers define amount of application / active ingredient [g/m²].

The assessment of the hydrophobic quality (Figure 10) illustrates that the application of a
bigger amount of hydrophobing agent diluted in the proportion of 1:1 with water leads to a
strong increase of the hydrophobic surface quality at the discharge hopper (blue curve). For the
small amount of hydrophobing agent applied undiluted to the silicon mat in contrast only a
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small decrease of the contact angle was measured at the position of the discharge hopper (red
curve). With increasing distance from the location of pouring the contact angle increased. The
specimen further showed the smallest and most homogeneous sliding angels.

4

Conclusions

-

The results show that upscaling the production of the façade elements needs detailed
planning in order to achieve architectural concrete with self-cleaning properties. The
highest bond strength between the two concreting sections is achieved by roughening the
surface of the first section with a wire brush. An additional wetting of the surface
deteriorates rather than improves the adhesive pull strength between the concreting sections.
Also, for the application of the hydrophobing agent it turned out that less is more. The best
results regarding the homogeneity of the self-cleaning properties were measured for the
application of the smallest amount of hydrophobing agent using a brush.
The time span between application of the hydrophobing agent and concreting is limited due
to the decrease in quality of the architectural concrete.

-
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Abstract. The structural design of concrete structures has to result in qualities ensuring ordinary
structural safety and serviceability, together with durability. Recently, it has become necessary to
pursue sustainability as well, and rather newly the issue of resilience has also appeared. It is now
apparent that the effects of mechanical load, environmental load and even social coherence need to be
reflected and included in the formulation of limit states. This is a complex matter involving the factors
of time, service life, degradation effects, modelling, probability analyses, limit states, costs and other
phenomena. It has not yet been completely understood, albeit several notions in this context are
contained in different codes and regulations, e.g. EN 1990, EN 1992, ISO 13823:2008, ISO
16204:2012, fib MC2010 and fib MC2020 (currently under preparation by the fib committees).
According to fib Model Code 2010, the design method most commonly used for concrete structures
today is performance-based. Sustainable target value design can be briefly expressed as the
comparison of sustainable capacity vs. sustainable impacts. This requires the formulation of a new
class of limit states – apart from those of the engineering (or structural) type, also sustainability limit
states now need to be specified. The presented contribution briefly mentions traditional and durability
limit states, discussing their variants and context, and then concentrates specifically on the
formulation of limit states for concrete sustainability at material level. It also presents some examples
which apply a full probabilistic approach.
Keywords: Durability, Sustainability, Limit States, Concrete.

1 Introduction
When designing or assessing a RC structure in all situations and/or at all levels, use should be
made of the limit state concept and performance models included in ISO 2394 (2015).
Generally, possible structural responses are divided into two domains consisting of desirable
or undesirable states; the boundary between these domains is called a limit state (LS). The
traditional ultimate limit state (ULS) and serviceability limit state (SLS) were initially utilized
in engineering practice (ISO 2394:1998) either as part of the semi-probabilistic format (partial
factor) or in the fully probabilistic approach, which was mainly applied during research
activities. Both material and structural levels were applied.
Limit state design is a common approach in civil engineering practice today. It is described
in several international documents, e.g. EN 1992-1-1 (2004), ISO 16204 (2012) and fib
MC2010 (2012). At the turn of the present century, the issue of durability and service life
started to be considered important and thus relevant limit states appeared; however, up to now
this theme has not yet been fully explored and definitively dealt with. Also, completely new
types of engineering tasks have emerged recently, such as the maximising of sustainability

doi:10.23967/dbmc.2020.174
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and resilience, which may also need relevant definition and application in terms of limit
states. A brief and effective overview of the LS context up to the current stage of progress
with regard to sustainability LS can be found in Geiker et al. (2019).
Generally, structural assessment/analysis is governed by a LS probability condition which
in its general form reads:
Pf = P  A ( t ) ≥ B ( t )  < Pd

(1)

Pd is the design probability (target, limiting, required), t is time, S is the effect of the action
being analysed and R is the appropriate barrier (e.g. the resistance of the material or
structure). Generally, both S and R are time-dependent and hence the probability of failure Pf
is time-dependent as well. At the point in time associated with the limit Pf = Pd, a design
service life tD can be defined. The combined effect of both structural performance and ageing
should be considered wherever relevant. Note that the index of reliability β frequently stands
in for the probability of failure Pf in structural design practice (ISO 2394:2015). The present
contribution briefly reviews the development of LS issues and concentrates on the
formulation of material sustainability limit states, showing some examples.

2 Traditional LS
The traditional ultimate limit state (ULS) and serviceability limit state (SLS) were presented
in the nineties in standards – see ISO 2394 (2015).
The ULS concerns the safety of people and/or structures. The ultimate limit state is defined
for material deterioration resulting in failure due to loss of resistance when the resistance of
the component or structure becomes equal to or less than the relevant internal force.
The SLS concerns the functioning of the structure, the comfort of people and the
appearance of construction work. For material degradation, the serviceability limit state is
defined by:
- Local damage (including cracking) or changes in appearance which affect the function
or appearance of structural or non-structural components.
- Relative displacements which affect the function or appearance of structural or nonstructural components.
An allowable value (target, design) Pd for the probability of failure was given in EN 1990,
Annex C (EN 1990:2002/A1:2005/AC:2010), differentiating them according to LS type, three
reliability classes and three consequence classes. A distinction must be made between the
design of new structures and the assessment of existing structures. Note that at the beginning
of limit state development the level of reliability in the context of durability was left to the
client’s decision, together with the definition of the target service life.

3 The Durability Concept
According to Tutti (1982), the durability of reinforced concrete components or structures was
later included in the LS concept mainly in connection with the consideration of reinforcement
corrosion – (i) an initiation period (reinforcement depassivation leading to corrosion
initiation, usually due to carbonation or chloride ingress) and (ii) a propagation period (the

1298

Kristýna Hrabová, Břetislav Teplý and TomášVymazal

development of reinforcement corrosion with a decrease in the effective reinforcement area,
crack formation and spalling). There are numerous research works dealing with the durability
of concrete structures, of which only a few of the earliest of them shall be mentioned here,
e.g. Mehta (1997), Rostam and Schiessl (1994), Keršner et al. (1996) and Gehlen (2000). The
durability of concrete structures is influenced by degradation effects and exposure conditions,
and using appropriate LS the service life L can be assessed as well. This can be performed
with a suitable model analysis via the use of effective software tools, e.g. Matesová et al.
(2008), Life 365 (effect of chloride ingress) or Novák et al. (2014), Teplý et al. (2018)
(FReET-D, incorporating a number of different numerical degradation models in a
probabilistic format, producing statistical, sensitivity and probability analyses). Broadly
accepted models (carbonation, and chloride effect) were included in the Model Code for
Service Life Design (2008) and later in fib Model Code 2010 (2012).
The time passing before the initiation of rebar corrosion is usually considered the most
conservative limiting state. It is known as the durability limit state (DLS) or initial limit state
– see ISO 13823 (2008). Note that this category of LS is referred to the SLS in ISO 2394
(2015). For such a probability condition the basic form (1) can be reformulated as follows:
𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 (𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷 ) = 𝑃𝑃𝑃𝑃{𝑎𝑎𝑎𝑎 − 𝑥𝑥𝑥𝑥𝑐𝑐𝑐𝑐 (𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷 ) ≤ 0} ≤ 𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑

(2)

The thickness of concrete cover a, xc is the depth of the carbonated zone, tD is the design
(target) service life and Pd is the design (target) probability of “failure”.
Evidently, during a structure’s service life the SLS and ULS have to be fulfilled, so the
DLS is a “prerequisite” in this respect. All this also has to be considered when determining
the relevant failure probability value. To complete such considerations the standard ISO 2394
(2015) describes, apart from the SLS and ULS, another LS – the condition limit state (CLS),
which corresponds to following situations:
- An approximation to the real LS that is either not well-defined or is difficult to calculate
(examples include initiation limit states or LS associated with the propagation period
- i.e. the corrosion of reinforcement (Matesová et al., 2008)).
- Local damage (including cracking).
- Additional LS thresholds in the case of a continuously increasing loss of function.
The CLS has not yet been fully understood and utilized in practice; this kind of LS is
expected to be presented and explained in more detail by the upcoming fib Model Code 2020.
Moreover, when dealing with durability tasks this LS is often affected by a particular
combination of actions (mechanical, environmental); see e.g. Vořechovská et al. (2008). Also,
the eventual reversibility or irreversibility of the LS has to be taken into account.

4 The Limit State Concept from the Perspective of Sustainability
According to the fib Model Code 2010 (2012), the most commonly used method of designing
concrete structures today is performance-based design. Sustainable target value design can be
briefly expressed as the comparison of sustainable capacity vs. sustainable impacts. This
requires a new class of limit state – apart from those of the engineering (or structural) type,
sustainability limit states have to be specified as well. This was mentioned in the fib Model
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Code 2010 (2012), and also in Geiker et al. (2019), which states that by means of Eq. (1) the
environmental performance of a concrete structure shall be verified by confirming that the
retained performance or barrier (R), defined by using appropriate indexes with regard to the
environment, is larger (or smaller) than the set value or effect of the action (S) of the relevant
performance requirement (Section 7.10) (fib Model Code 2010; 2012). Social performance is
described in a similar way in this section. Note that in this respect, safety, serviceability and
durability are also social aspects (Hájek, 2018), i.e. elements of social responsibility, and
therefore SLS, ULS and L also fall into this category - usually being understood and utilized
as basic safety and serviceability criteria as well. Details concerning this class of limit
equations and their practical utilization have not yet been specified in the fib Model Code
2010 (2012) or anywhere else to the best knowledge of the authors; an overview of the
equations and a short literature review can be found in Hrabová et al. (2019).
The new fib Model Code 2020, which is currently under development, will include an
implementation of the sustainability approach (Matthews, 2017): “MC2020 will take
sustainability as a fundamental requirement, based upon a holistic treatment of societal needs
and impacts, lifecycle costs, and environmental impacts.” The limit state approach is not yet
commonly used for sustainability analysis and the relevant limit states are not being employed
in practice at the present time. A recent paper discusses this without formulating relevant limit
state equations. A new design limit state approach is needed, and it has to be based on the
probabilistic approach combined with the life cycle approach. It is a highly complex matter,
as besides the existing construction limit states, new sustainability LS (environmental and
social) need to be addressed together with service life and/or financial factors. These LS have
not yet been identified. However, some recent works deserve consideration in this respect and
are briefly mentioned below.
Fantilli et al. (2019) presented a procedure for RC beam design called “global impact of
the beam”, which introduces the specific limit state of sustainability (in accordance with the
ULS and SLS). It is based on a function relating the mass of CO2 emitted by the production of
a cubic meter of concrete to average compressive strength, while also considering partial
substitution of the cement by fly ash. The procedure is an iterative one and deterministic, i.e.
it does not result in a relevant probability level. The durability issue is not considered, so the
LS presented in Fantilli et al. (2019) is not a true sustainability limit state.
Geiker et al. (2019): in their work a sustainability LS is advocated using a comparison of
two potential design scenarios. Considering each scenario´s full design service life, a
cumulative emissions envelope can be computed for both scenarios and the actual reduction
target (global warming potential emission reduction) is assessed together with the probability
of failing to meet a sustainability-focused goal. Reliable and valid models for the assessment
of degradation (e.g. for corroding structures) are needed to check engineering LS; this also
leads to an iterative process. Moreover, there are not yet any approved acceptable failure
probability values for a sustainability LS.
Authors of the present contribution have developed a sustainability LS formulation at
material level using the sustainability potential indicator kSB, Eq. (3). This combined indicator
was recently presented in, e.g. Hrabová et al. (2019), Teplý et al. (2018) and Konečný et al.
(in revision). Indicator kSB is a normalized form of the Building Material Sustainability
Potential (BMSP) defined previously by Müller (2013). In order to transform the BMSP into a
normalized form, the quantities L (service life), R (performance) and E (eco-cost) are divided
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by the arbitrary reference values Lref, Rref and Eref, thus leading to a dimensionless quantity (3)
whose value approximates 1.0. The greater the value of kSB, the higher the sustainability level
within the group of studied mixes for concrete production; the ranking of kSB values is the
resulting information. It should be noted that the presented method is supposed to enable the
comparison of concrete mixture sustainability levels within a group of analysed mixtures
under a given degradation effect.
𝑘𝑘𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝑅𝑅𝑅𝑅
𝐿𝐿𝐿𝐿
∙
𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝐿𝐿𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

(3)

Eq. (3) can be further enhanced by considering the costs, C, of concrete (material and
production) leading to a modified indicator. More details can be found in, e.g. Konečný et al.
(in revision). Additionally, for any individual concrete composition using kSB as an action and
the limiting value indicator kSB,lim as a barrier, the general limit state condition (1) may be
rewritten into the sustainability LS form.
𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = ��𝑘𝑘𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑘𝑘𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 � ≤ 0� ≥ 𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑.𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

(4)

This equation enables the evaluation of the probability PSB, with which a certain limit value
kSB,lim can be exceeded for the concrete mixture in question. However, this value has not yet
been discussed and no experience or recommendations are known in this respect. Note that
kSB,lim depends on three involved factors, R, L and E, which makes its determination complex.
A less complicated option can be formulated utilizing the individual limit values Rlim, Llim and
Elim of quantities R, L and E, respectively, or in other words to determine the kSB,lim value as
follows:
𝒌𝒌𝒌𝒌𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺,𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 =

𝑹𝑹𝑹𝑹𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 𝑳𝑳𝑳𝑳𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍
∙
𝑹𝑹𝑹𝑹𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝑳𝑳𝑳𝑳𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓
𝑬𝑬𝑬𝑬𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍
𝑬𝑬𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

(5)

As can be expected, in a real situation factors R, L and E may often possess different level
of dominance. In such a case a more fitting variant of Eq. (5) can be arranged using the
weighting coefficients wR, wL and wE:
𝒌𝒌𝒌𝒌𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺,𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 =

𝑹𝑹𝑹𝑹
𝑳𝑳𝑳𝑳
𝒘𝒘𝒘𝒘𝑹𝑹𝑹𝑹 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 ∙ 𝒘𝒘𝒘𝒘𝑳𝑳𝑳𝑳 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍
𝑹𝑹𝑹𝑹𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝑬𝑬𝑬𝑬
𝒘𝒘𝒘𝒘𝑬𝑬𝑬𝑬 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍
𝑬𝑬𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝑳𝑳𝑳𝑳𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

(6)

Alternatively only one of the quantities Rlim, Llim, or Elim can be employed individually in
(5) when kSB,lim is computed (case dependent).
A major obstacle for the effective utilization of the limit state condition (4) is the choice of
a suitable value for target reliability Pd,SB, which is not yet available in any recommendation
or standard. The following notes can provide a degree of help when deciding about the Pd,SB
value:
- in situations when material parameter R is dominant (e.g. considering requirements for
the robustness of the structure or the resilience of its functionality), a Pd,SB reliability
similar to a relevant one from the ULS group, i.e. 3.7 ≤ β ≤ 4.4 according to ISO 2394
(2015), may be acceptable;
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- in cases where L is dominant (if durability is at the centre of interest) then a Pd,SB value
in the range of 0.8 < βd ≤ 1.6 similar to the SLS or DLS could be relevant;
- if the environmental issue dominates, e.g. via the eco-costs E (expenditures on measures
to be taken so as to reduce environmental impacts to a sustainable level), then it is not
straightforward to decide on a relevant Pd,SB. Environmental impact targets and/or
greenhouse gas reductions must be considered, and also associated human health
consequences need to be thought about. In such cases, the involvement of policymakers at a local or regional level is needed.
Unfortunately, there are no historical bases available for considering an acceptable failure
probability for sustainability limit states. A brief discussion of this problem can be found in
Geiker et al. (2019).

5 Numerical Demonstration of the Presented Approach
A simple example of the sustainability limit state assessment of concrete composition is
presented below. The sample consists of 290 kg/m3 CEM I 42.5 R, 812 kg/m3 0-4 mm
aggregate, 910 kg/m3 8-16 mm aggregate, 194 kg/m3 fly ash, and 182 kg/m3 water. The
concrete in question is supposed to suffer from carbonation, so the service life L is calculated
according to the initiation period stage of reinforcement corrosion caused by concrete
carbonation using an analytical model. The FReET-D tool with model Carb4b are used
(Papadakis and Tsimas, 2002). The basic input values were: concrete cover 30 mm;
atmospheric CO2 concentration 820 [mg/m3]; RH = 70 %; k–value concept k = 0.4 (as stated
in EN 206-1, 2013). The strength of the concrete is considered to indicate the performance R
in this example. It was gained via sample testing within the grant project GA ČR 103/07/0034
at the Faculty of Civil Engineering, Brno University of Technology. The eco-cost of each
concrete mixture element has a unit price obtained from an established database (Eco Costs
Data, 2019). Reference values (chosen arbitrarily) used: Rlim = 71.9 MPa, Llim = 125 years and
Elim = 54.5 €/m3.
Table 1. Concrete properties.
Property

Pdf

Mean

COV

60-day cube strength [MPa]

Normal

47.2

0.06

Service life [years]

Normal

73

0.16

Rectangular

54.3

0.20

Eco-costs [€/m3]

Limit values were chosen for the purpose of this illustrative example via the authors’
engineering judgement in order to represent the trend of the probability PSB due to limit values
Rlim while keeping Llim and Elim unchanged. Therefore, three cases (A, B and C) were
analysed: A: Rlim = 95 % Rref; Llim = 0.66 Lref; Elim = 1.33 Eref; B: Rlim = 90 % Rref; Llim = 0.66
Lref; Elim = 1.33 Eref; C: Rlim = 85 % Rref; Llim = 0.66 Lref; Elim = 1.33 Eref.
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Table 2. Conclusions.
A

B

C

kSB

1.04

1.04

1.04

kSB,lim

0.49

0.47

0.44

PSB

0.04

0.03

0.03

β

1.74

1.84

1.95

The values obtained for kSB and PSB were analysed using a specialized version of FReET
software and applying Eq. (3) and (4). As mentioned above, relevant values for the target
reliability Pd,SB are not available in any recommendation at present. The resulting probability
values (and the associated index of reliability β) in the studied ad-hoc case (Table 2) fall into
the range “between” usual ULS and SLS values.

6 Concluding Remarks
The paper discusses limit state variants in the context of concrete structures, reviews the
current position with regard to traditional Ultimate Limit States and Serviceability Limit
States, and mentions Durability LS (initiation and propagation stages) as well as Condition
Limit States. It then concentrates on the description and formulation of limit states for
material sustainability, noting relevant related documents and attempts at presenting this kind
of LS. A general definition of a Sustainability Limit State has not yet been established
officially.
This contribution presents a novel form of Sustainability Limit State which utilizes the
sustainability potential indicator. This indicator represents an enhanced method for the simple,
yet complete sustainability assessment of concrete mixtures, which involves concrete
strength, durability measure and eco-costs. The full probabilistic approach is applied and the
method illustrated on an ad-hoc case - concrete suffering from carbonation. The resulting
probability values and associated values of index of reliability β for different limit values are
shown. The study provides engineers and researchers with an emerging tool for effective
decision-making concerning concrete mixes that gives consideration to sustainability.
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Abstract. The durability of concrete depends not only on the composition of the material and its

resulting porosity, but also on the environmental conditions. Contact between concrete or
cement mortars with water and soils containing sulphates, of a natural, biological origin or
deriving from pollution, can activate chemical reactions in the cement paste inducing an
expansion and degradation of the concrete. To evaluate the behaviour of the cementitious
material subjected to various external aggressive attacks, prismatic samples of cement paste
and mortar samples produced with the same binder (Portland cement) were immersed in
demineralised water and in various solutions containing 5% and 10% sodium sulphates. Their
expansion was monitored over time by a direct length measurement. This paper shows the results
achieved in a rather long laboratory investigation and a first hypothesis has been formulated on
the possible expansion rate in the first 56 test days and in the following 850 days.
Keywords: Cement Mortar, Aggressive Environment, Sodium Sulphate Attacks, Experimental Tests,
Deformation Velocity.

1 Introduction
The durability of a concrete structure represents the ability to withstand aggressive
environmental stresses, therefore it depends not only on the composition of the material and the
resulting porosity, but also on environmental conditions. The different causes of damage to
concrete, can be divided into different types depending on whether the aggressive action
involves one or more components of the conglomerate (cement paste, aggregate or metallic
reinforcement).
In particular, when a concrete structure comes into contact with waters or soils rich in
sulphates, a series of complex chemical reactions can occur the sulphates which propagate
inside the material and aluminates of cement paste, leading to the formation of leading to the
formation of gypsum, secondary ettringite, and in some cases, thaumasite with the consequent
expansion and formation of cracks and expulsion of parts of concrete. These phenomena are
collected in the general term of the external sulphate attack.
Various researches have been carried out on this subject, many of which were dedicated to
the description of sulphate attack from an experimental point of view. There are numerous
experimental campaigns carried out on cement paste, mortar and concrete samples, however
the results depend strongly on the test conditions, the cement used and the aggregates and their
particle size distribution.
On this topic there are researches in the literature that for the most part focus on the
evaluation of durability and the evolution of damage (Anzani et al., 2018, Garavaglia et al.,
2018, Garavaglia et al., 2017, Garavaglia et al., 2016, Anzani et al, 2009, Garavaglia et al.,
2008, Tedeschi and Garavaglia, 2019, Cefis et al. 2015, Tedeschi et al. 2017).

doi:10.23967/dbmc.2020.027
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In this paper, the results of an ongoing experimental campaign are reported, carried out on
prismatic samples of cement paste and mortar. An objective of this experimental program is
also to highlight the role of the aggregate on the degradation phenomenon, for this reason
samples of cement mortar were prepared with two different types of aggregate.
To evaluate the behaviour of the cement material subjected to various external aggressive
attacks, laboratory tests were carried out during which cement paste samples (P-CEM), mortar
samples with normalised sand (M-nor) and samples of mortar with aggregate (M-agg), were
subjected to immersion cycles, thus simulating three different aggressive attacks: from
demineralised water, from sodium sulphate at 5% salt concentration and from sodium sulphate
at 10% concentration. The expansion was monitored over time by direct length measurements.
The tests were performed in accordance with the UNI EN 12617-4: 2003, but they lasted
longer in time in order to verify any changes in behaviour over time.
The results obtained in the 889 days are shown as the variational behaviour of the
deformation (shrinkage/expansion) recorded, but also in terms of deformation velocity, variable
at each instant of the test process and function of the deformation value recorded.
There are not many approaches to this topic in the literature. The topic investigated is the
transmission of waves in the material (Tseng et al., 1999, Boyd and Ferraro, 2005), not the
deformation velocity of materials subject to degradation. A similar approach is present in
Zhanga et al., 2012, which stimulates the authors to continue on this path.
Future research developments will be oriented towards probabilistic modelling of the
detected behaviours.

2 Laboratory Test Procedure
2.1 Preparation of Specimens
The experimental campaign began 29 months ago and was conducted on prismatic samples of
mortar and cement paste of 40mmx40mmx160mm size.
For all the samples a CEM I 52.5R (P_CEM)- type Portland binder cement was used, and
for the two series of mortar samples two types of siliceous aggregate were used. The chemical
composition of the cement is shown in Table 1.
Table 1. Chemical composition of cement.

Cement
CEM I 52.5R

C3A
4.22%

C4AF
5.16%

SO3
3.61%

The named samples (M_agg), were prepared with a siliceous aggregate for concrete, but used
by eliminating the aggregates greater than 2mm by sieving, while the named prisms (M_nor),
were prepared with standardised sand used for the certification of mortars (EN 1015-1).
To evaluate the behaviour of the cementitious material subjected to different external
aggressive attacks, three prisms for each type of mixture were prepared, and laboratory tests
were performed during which the prismatic samples were immersed respectively in deionized
water and in a solution of 5 and 10% sodium sulphate. Once hardened, the samples were subjected
to measurement to evaluate their variations in length, so as to be able to study their overall
expansion, but above all to evaluate the trend and the degradation mechanisms over time.
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2.2 Test Procedure
The determination of the expansion was determined according to the standard EN 12617-4:
2003, using an uncontrasted linear measurement method after the immersion in water of
prismatic of 40mmx40mmx160 mm size specimens, from 24h after the casting.
The samples were prepared/made in a climatic chamber at temperature T = 20 ° C and
relative humidity RH = 65% and subsequently placed in a climatic chamber at T = 20 ° C and
relative humidity RH = 90%. After 24 hours from the preparation, the specimens were removed
from the moulds and completely immersed in pure water (double-distilled) and in a solution
with a concentration of 5% Na2SO4 and 10% sodium sulphate.
The prisms were periodically extracted from the solutions, in order to be able to measure the
variations in weight and length. Before the initial measurement, the adhesion of the measuring
pins was verified. Table 2 indicates the codes of the samples and their corresponding test
conditions. In Figure 1, Samples during the measurement phase; b) Samples during the last
curing period.
Table 2. Name of the individual specimens and seasoning conditions.

P_CEM
Water
2.1
2.2
2.3

P_CEM
5%
Na2SO4
2.4
2.5
2.6

P_CEM
10%
Na2SO4
2.7
2.8
2.9

M_agg;
water
1.1
1.2
1.3

M_agg;
5%
Na2SO4
1.4
1.5
1.6

M_agg;
10%
Na2SO4
1.7
1.8
1.9

a)

M_nor
water
3.1
3.2
3.3

M_nor
5%
Na2SO4
3.4
3.5
3.6

M_nor
10%
Na2SO4
3.7
3.8
3.9

b)

Figure 1. a) Samples during the measurement phase; b) Samples during the last curing period.

3 Deformation Survey
3.1 Deformation Measurement
In compliance with the standards required in UNI EN 12617-4:2003 the variation in length was
calculated in relation to L0 length detected after 24 hours of immersion of the specimens in
water:

(

∆L = L − L
i
0
i

)

(1)
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where: ∆Li is the variation of the length at time ti; Li is the length of the specimen at time ti;
L0 is the initial length of the specimen after 4 hours of immersion.
The deformation εi at each instant of measurement, ti, is thus expressed by the formula:
ε =
i

∆L
i
L
g

(2)

where ∆Li is the variation of length expressed by (1) and Lg is the verified length of the
specimen before immersion (in the case studied 160mm).
3.2 Observations on the Results Obtained
Figures 2 and 3 show the trend of the average deformations recorded for the tested specimens.
In these figures, the deformation values are compared in the three aggressive situations imposed
on the test: immersion in water, and immersion in a saline solution with a 5% and 10%
concentration, for each type of mixture.
The deformation recorded in the first 56 days of testing shows an initial shrinkage (indicated
with a negative numbering in figure 2) more evident in P-CEM specimens.
The continuation of the phenomenon seems to be more rapid for the P-CEM and slower and
almost stationary in the M-agg and M-nor. In P-CEM the salt concentration of 5% seems to
trigger a process of deformation greater than the processes caused by demineralised water and
by the salt concentration of 10%. This is probably due to the porosity of the material. (Fig. 2 a),
b) c)).
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Figure 2. Comparison of the variation of deformation in the first 56 days of testing, referring to the three
aggressive agents tested and the mixtures: a) M_agg, b) P_CEM and c) M_nor.
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Figure 3 shows the same comparisons but for the entire testing period (889 days).
In this case it is interesting to note that after an initial rather rapid shrinkage of the P-CEM
specimens, it stabilises and becomes constant for the entire testing period and for all three
aggressive agents. It is not excluded that the continuation of the same test does not lead to
different results that are for now unexpected.
Whereas for the M-agg and M-nor mixtures and for the salt concentrations at 5% and 10% after
the 500th test day there is an increase in the deformation, perhaps as a consequence of initial
cracking of the material for specimens immersed in water, instead, there is an almost constant
behavior.
This result indicates that the formation of salt crystals inside of less consolidated pastes does
not cause serious problems because they fill the pores and interstices without causing serious
pressure on the surrounding material. Over time crystals deposit and during the subsequent
immersions they do not have the time to melt, therefore the new attack increases the salt volume
and the pressure on the material thus producing micro-fractures which accentuate the
deformation, furthermore these results show how the addition of aggregate to the cement paste
mixture changes the deformation behaviour of the material.
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Figure 3. Comparison of the variation of deformation in the 889 testing days, referred to the three aggressive
agents tested and the mixtures: a) M_ag: b) P_CEM and c) M_nor.

3.3 Deformation Velocity Survey
From the test procedure adopted and from the results obtained from the quantification of the
deformation induced by sulphates attack dissolved in different concentration, the survey and
the calculation of velocity were carried out and with which the deformation phenomenon
occurred.
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The quantification of velocity vi, relative to each testing cycle, follows the classical
definition as reported below:
v =
i

ε

i

(3)


 t − t
 i (i − 1) 

where: εi is the deformation defined in (2); ti is the instant of testing (measured in days)
and ti-1 is the previous instant.
Equation 3 allows to evaluate the variation of deformation velocity instant by instant and to
formulate hypotheses on the future of the investigated phenomenon.
3.4. Observation of the Results Obtained.
The calculation of the variations in velocity was performed for all three mixtures investigated
in the test (M_agg; P_CEM and M_nor), both for samples immersed in demineralised water
(H2O) and for those with a salt concentration of 5% and 10%. The results obtained show
interesting aspects that characterise the evolution of the deformation phenomenon.
At first the evolution of the phenomenon was considered in the first 56 days of tests. Figure
4 shows the comparison between the behaviour of the samples at the three different stresses for
each type of mixture.
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Figure 4. Deformation velocity comparison vs. time for the first 56 days of testing referring to the three
aggressive agents tested and for the mixtures: a) M_agg, b) P_CEM and c) M_nor.

Figure 4 clearly shows that for all the mixtures there is a cyclic repetition of velocity increase
followed by a stasis phase and subsequently by a velocity decrease phase. This trend seems to
be associated with the deformation phases (Figure 2 and Figure 3): when the almost stationary
deformation phase ends there is a slowing down of the process which then resumes decisively
and with an increase in velocity in the next phase. This behaviour is more regular and marked
for the P-CEM mixture.
Figure 5 shows, instead, the trend of the deformation velocity, v, for longer test periods.
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Here there is a material compromise after 500 days. Test after test, for all the mixtures there
is an increase in velocity, a more evident behaviour for the mixtures subjected to saline
aggression.
These velocity increases are followed by decreases and subsequent increments. These
variations appear to continue to occur every 30 to 70 days. This cyclicality occurs already after
the 100th day of the testing.
From the comparison between Figure 4 and Figure 5, the relationship between the increase
in deformation velocity and important changes in the deformation phase is even more evident.
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Figure 5. Comparison of deformation velocity vs. time for the 889 days of testing referred to three aggressive
agents tested and for the mixtures: a) M_agg;, b) P_CEM and c) M_nor.

5 Conclusions
The laboratory tests applied to specimens of different mixtures and subjected to simulations of
different aggressive attacks have shown a propensity to deformation that can be classified in
three phases. The first phase takes place in the first 56 test days (test time limit recognised by
the legislation). During this phase the velocity shows a periodicity of behaviour that seems to
be correlated to the occurrence of a greater deformation after a phase of relative stability; this
phase is weekly. The next phase shows a constant deformation behaviour. However, in this
phase the velocity shows a certain periodicity and the frequency of the periodicity is in this case
variable between 30 and 70 days.
The third phase takes place after the 500-day testing and is typical of the behaviour of saline
attacks for M-agg and M-nor. It shows a rather variable deformation velocity (Figure 5a and c),
but always with a certain cyclical behaviour, which is matched by a decisive increase in
deformation behaviour (Figure 3a and c). Moreover, Figure 3 highlights the different
deformation behaviour of P-CEM cement paste compared to M-agg and M-nor mixtures. It is
possible that this behaviour is associated with the occurrence of a start of detachment of the
material now stressed by the presence of salt crystals inside it. This aspect will be investigated.
It is the intention of the authors to proceed with the development of a mechanical test that may
monitor this phenomenon.
As for the P-CEM mixture the deformation velocity (Figure 5b) shows the same behaviour
recorded for the other mixtures, but with lower values. This is certainly due to a more regular
deformation behaviour (Figure 3b).
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Abstract. Cross laminated timber (CLT) are composed of longitudinal layers and cross layers. And as
the laminations of the adjoin layers are glued orthogonally deterioration of the laminations such as
check and shake and delamination can be rather frequently come out when CLT is exposed to humid
and dry cyclic climate. In Japan more than 100 CLT buildings have been constructed and the number
of CLT building is increasing. In some buildings the CLT is designed as to be the exterior members and
exposed to the outdoor climate. Several CLT buildings that have CLT as exterior members was
investigated to make clear what was ongoing on the CLT panels exposed to outdoor climate.
Remarkable check and shake, warp and delamination was observed for the CLT in some of the
investigated buildings. To bring out the mechanism of the distortion of CLT under humid and dry cyclic
climate and to give a solution to prevent deterioration of CLT a series of laboratory tests were conducted.
The CLT panels were set in a climate chamber and exposed to a humid and dry cyclic climate. And the
moisture content and the movement of the laminations of CLT were measured. The movement was
affected by the species of the laminations and also by the direction of the surface, sap-side or heart-side.
And the film forming type painting worked well as to prevent the deterioration and the penetrating type
painting could slightly reduce the deterioration.
Keywords: CLT, Humid and Dry Cyclic Climate, Delamination, Movement, Species.

1 Introduction
In Japan more than 100 CLT buildings have been constructed and the number of CLT buildings
is increasing. In some buildings the CLT is designed as to be the exterior members and exposed
to the outdoor climate. And even not exposed to the outdoor climate the surface of CLT in
many buildings is exposed to the indoor climate.
Cross laminated timber (CLT) are composed of longitudinal layers and cross layers. And
the laminations of the adjoin layers are glued orthogonally. Wood has different swelling and
shrinkage ratio for tangential direction and radial direction. It is commonly known that the
swelling and shrinkage ration of the tangential direction is approximately two times larger than
that of the radial direction. The layer arrangement of CLT cause uneven swelling and shrinkage
between the adjoin layers particularly under humid and dry cyclic climate. Oshima, A. (2017)
indicated that this uneven swelling and shrinkage between the adjoin layers occasionally cause
distortion or deformation of the laminations such as check and shake, warp and delamination.
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Lepage, R.T.M. (2012) measured the response of CLT under changing moisture conditions
and also simulated the response. CLT produced in Japan are in most cases composed of
Japanese species. And there is limited knowledge for the distortion of CLT composed Japanese
species. To find a solution to reduce the distortion of CLT the mechanism of the distortion of
CLT laminations under humid and dry cyclic climate should be clarified. A series of tests were
carried out to estimate the mechanism of distortion of the CLT and to evaluate the capability of
surface coating or surface painting against the distortion prevention.

2 Distortion of CLT Exposed to Outdoor or Indoor Climate
Several CLT buildings was investigated to have knowledge of the conditions of the CLT panels
exposed to the outdoor or indoor climate. The buildings were investigated 2 to 3 years after
their completion. Remarkable check and shake, warp and delamination were observed in some
of the CLT panels exposed to the outdoor climate and check and shake were also observed in
some of the CLT panels exposed to the indoor climate.
Figure 1 shows a bicycle parking space constructed with CLT panels for their walls and
roofs. To protect the CLT panels from the sunshine and rain the panels were painted by some
impregnated paint designed to protect wood from the outdoor climate. A certain number of
check and shake was observed at the bottom of the wall panels and at the roof panels. And
warp and delamination were also observed at the edge of the roof panels. The moisture, rain
drop and sunshine (i.e. ultra-violet wave) may have caused these distortions.
B

A

Close up photo of A

Close up photo of B

Figure 1. Deformation of CLT exposed to outdoor climate (Bicycle parking space).

Figure 2. Deformation of CLT exposed to outdoor climate (Eaves of CLT flat roof).

Figure 2 shows the eaves of the CLT flat roof. As the edge of the panels was not covered
with weather protecting materials such as steel sheet materials or ceramic boards the edge of
the panels was fully exposed to the weathering force. And the panels had damages such as check
and shake, warp and delamination.
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Figure 3(a) shows the delamination of the lamination of CLT panels used for the indoor
partition wall. Figure 3(b) shows the check and shake and warp of the surface lamination of
the CLT panels located close to the outlet of the air conditioner. The shrinkage of the surface
of the CLT panels may have caused these types of distortion.

(a) Delamination of the surface lamination.

(b) Check and shake of the surface lamination.

Figure 3. Distortion of the CLT panels under indoor climate.

3 Shrinkage and Swelling of CLT and Glue-Laminated Timber (GLT)
3.1 Assumption of the Deformation
CLT are supposed to shrink as illustrated in Figure 4(a) when it is exposed to a humid to dry
climate and the moisture content of the material decreases. This deformation is caused by the
composition of CLT (i.e. the laminations of the adjoin layers are glued orthogonally) and the
shrinkage ratio of wood (i.e. the shrinkage ratio of the tangential direction is approximately 20
times larger than that of the axial direction and the shrinkage ratio of the radial direction is
approximately 10 times larger than that of the axial direction). This type of deformation also
occurs when CLT is exposed to a dry to humid climate.
On the other hand, the direction of the laminations of glue-laminated timbers (GLT) is same
for all layers. For this lamination arrangement all the layers will deform in a similar way under
humid and dry climate. And the shrinkage or swelling will be same for all layers as illustrated
in Figure 4(b).
Shrinkage ratio are almost same

Larger Shrinkage

Smaller Shrinkage
(a) CLT

(b) GLT

Figure 4. Deformation of CLT and GLT under humid to dry climate (Cross section).

The response of CLT under its drying process can be modeled as shown in Figure 5. The
different shrinkage ratio of the adjoining layers is supposed to be the reason for the check and
shake, warp and delamination of the laminations.
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Shrinkage: large

Shrinkage: small

Warp

Gap between the
adjoining lamination

Delamination
Check and shake

Figure 5. Assumption of the distortion of CLT under its drying process.

3.2 Testing to Verify the Deformation of CLT and GLT Under Humid and Dry Cyclic
Climate
To verify the assumption that CLT and GLT deform differently when they shrink or swell the
deformation of both materials were measured under humid and dry cyclic climate. Figure 6
shows the shape and size of the test specimens and the measuring points of the displacement
and moisture content. The deformation of the surface and cross section of both materials were
measured by displacement meters and the moisture content of both materials was measured by
a moisture meter. The species of the test specimens was Japanese Cedar (cryptomeria japonica)
the most popular species for CLT in Japan. The CLT test specimens had five layers and the
thickness of each layer was 30mm. The GLT test specimens had 12 layers and thickness of
each layer was 30mm. The test specimens were put in a conditioned chamber and conditioned
for 10 days followed by 3 days’ humidification, 7 days’ drying, 10 days’ humidification, 17
days’ drying and 3 days’ humidification. The relative humidity of chamber during the
humidification process was 100% and that of the drying process was approximately 40%.

Displacement meter

Moisture meter

Displacement meter
Moisture meter

(a) CLT

(b) GLT

Figure 6. Shape and size of the test specimens and configuration of the measuring points.
Note: The displacement of CLT was measured at 13 points (the gray bar) and moisture content was
measured at 4 points (the gray circle). The local displacement of GLT was measured at 6 points and
moisture content was measured at 4 points.
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3.3 Results and Discussion
The measured deformation of the cross section of CLT and GLT under humid and dry cyclic
climate was measured as shown in Figure 7(a). The narrow lines give the displacement of each
measuring point and the thick lines give the average displacement of the measuring points. The
deformation of CLT (solid line) is approximately 2 times larger than that of the GLT (broken
line). CLT seem to have larger shrinkage and swelling than GLT. The damages of the cross
section of CLT and GLT are given in Figure 7(b). Where GLT had only one standing out crack
CLT had few cracks on its lamination and gaps between the adjoining laminations.
CLT

CLT Displacement meter

GLT

Crack
Moisture meter
Crack

GLT
Gap
between the
adjoining
lamination

Displacement meter
Moisture meter

(a) Deformation under humid and dry cyclic climate

(b) Damages of cross section

Figure 7. Deformation of cross section of CLT and GLT under humid and dry cyclic climate.

4 Effect of Weather Resistant Paint Against Distortion Prevention
4.1 Testing to Verify the Effect of Weather Resistant Paintings
To evaluate how the weather resistant paint can reduce the distortion of CLT under humid and
dry cyclic climate test specimens painted by weather resistance paints were put in chamber
under humid and dry cyclic climate. Four CLT test specimens were tested and three of them
were painted by different types of weather resistance paint as shown in Table 1. The species of
the test specimens was Japanese Cedar and the size of the test specimens was 1000mm in length,
1000mm in width and 150mm in depth. The density and initial moisture content of the test
specimens are given in Table 1.
Table 1. Type of weather resistant paints and density and initial moisture content of CLT test specimens.

Name of
test specimens
Control
Painted-1
Painted-2
Painted-3

Type of paint
No painting
Penetrating type 1
Penetrating type 2
Film forming type

Density
(kg/m3)
423.5
415.2
418.9
417.4

Moisture content
(%)
9.3
10.6
13.2
11.8

The displacement of the test specimens was measured for 8 points for each test specimen.
The in-plane displacement and the out-plane displacement of the laminations were measured as
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illustrated in Figure 8. The measuring points no.1, 2, 5 and 6 are to measure the out-plane
deformation of the laminations and the measuring points no.3, 4, 7 and 8 are to measure the inplane deformation of the laminations. And the measuring points no.1, 2, 3 and 4 are measuring
the deformation of the laminations that have their sap-side on the surface side of CLT and the
measuring points no.5, 6, 7 and 8 are measuring the deformation of the laminations that have
their heart-side on the surface side of CLT.

Surface:
Sap-side

Surface:
Sap-side

Surface:
Heart-side

Surface:
Heart-side
Out-plane direction

In-plane direction

Figure 8. Location of the displacement meters set to measure the displacement of the laminations.

4.2 Results and Discussion
The movement of the laminations measured by the displacement meters no.1, 2, 5 and 6 are
given in Figure 9. Figure 9 gives the maximum movement of the four measuring points. The
movement of the CLT with no painting (control) was the largest and the movement of CLT
painted with film forming type paint was the smallest. The movement of CLT painted with
penetrating type paint was almost same to that of CLT with no painting.

Figure 9. Movement of displacement and movement of moisture content.
Note:

gives maximum displacement measured by the displacement meters no.1, 2, 5 and 6 and gives
minimum displacement.
gives maximum moisture content of the CLTs and
gives minimum
moisture content.

The tendency of the moisture content was almost similar to that of the displacement. The
moisture content of CLT with no painting had the largest variation and that of CLT painted with
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film forming type paint had the smallest variation. The film forming type paint seems to work
well as to reduce the deformation of CLT under humid and dry climate. And the penetrating
type paint seem to not work well as to reduce the deformation of CLT.

5 Effect of the Surface Direction (Sap-Side or Heart-Side)
5.1 Testing to Verify the Effect of the Surface Direction
To verify the effect of the surface direction of the out most layer on the distortion of the
laminations CLT composed of sap-side on its surface and CLT composed of heart-side on its
surface were tested for their distortion. Figure 10 gives the size and shape of the test specimens
and the location of the measuring points for deformation and moisture content. The test
specimens were 800mm in length, 800mm in width and 90mm in thickness. And the species
of the laminations were Larch (larix kaempferi) or Sakhalin fir (abies sachalinensis). These
two species are the northern species in Japan and known as to have relatively high response for
moisture content movement. The test specimens were set in a climate that was controlled as to
have relative humidity 100% for 6 days followed by relative humidity 40% for 12 days and
again relative humidity 100% for another 6 days. The response of the CLT under humid and
dry cyclic climate was measured for two directions the out-plane direction and the in-plane
direction as shown in Figure 10.
Displacement meter to measure the responce of in-plane
direction of inner lamination
Displacement meter to measure the responce of in-plane
direction of out most lamination

Displacement meter to measure the responce of outplane direction of out most lamination at its end

800

Moisture meter

Displacement meter to measure the Responce of outplane direction of out most lamination at its center

800

90

Figure 10. Size and shape of the test specimens, the location of displacement meters and moisture meter.

5.2 Test Results and Discussion
The out-plane movement of the out most laminations of Larch CLT under the humid and dry
cyclic climate is given in Figure 11(a) and (b). And the in-plane movement of the out most
laminations of Larch CLT under the humid and dry cyclic climate is given in Figure 11(c) and
(d). The out-plane deformation of the out most laminations was larger than the in-plane
deformation. And in general, CLT composed of laminations with heart wood side on the
surface side had relatively larger deformation than CLT composed of laminations with sap
wood side on the surface side. The test result for Sakhalin fir CLT was almost same to that of
Larch CLT. These test results indicate that one solution to reduce the moisture related
deformation of CLT is to arrange the out most laminations so as to cover the surface of CLT
with the sap wood side of the laminations.
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(a) Out-plane direction, Surface sap wood.

(b) Out-plane direction, Surface heart wood.

(d) In-plane direction, Surface heart wood.
(c) In-plane direction, Surface sap wood.
Figure 11. Response of the CLT under humid and dry cyclic climate (Larch).

6 Conclusion
A series of tests were carried out to estimate the mechanism of distortion of the CLT and to
evaluate the capability of surface coating or surface painting against the distortion prevention.
The results are summarized as follows;
- The deformation of CLT was approximately two times larger than that of the GLT. CLT
showed larger shrinkage and swelling than GLT. The arrangement of the lamination si
supposed to cause this difference.
- The film forming type paint seems to work well as to reduce the deformation of CLT under
humid and dry climate. And the penetrating type paint seem to not work well as for reducing
the deformation of CLT.
- One solution to reduce the moisture related deformation of CLT is to arrange the out most
laminations of CLT so as to cover the surface of CLT with the sap wood side of the
laminations.
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Abstract. Deterioration of the facade materials of a building and its importance are topics that are not
getting the attention that they deserve and need. If a material can’t meet its accepted performance
criterion during its service life then deterioration may occur on the surface, inside, under or at the
structure of the material. Environmental, construction related, and human related agents collaborate
with the mechanisms and make an effect which concerns the durability. Therefore, detecting the
deteriorations of the materials play an important role for the maintenance planning. This study aims to
detect the agents, mechanisms and effects of the deteriorations of a case building. A systematic approach
was developed by making literature review. Hostile environmental analysis and building facade
inspection have been made by the visual observations on a specific day. Deteriorations occurred at
granite, wood composite, aluminum, glass and ceramic materials have been discussed.
Keywords: Environmental Deterioration, Facade Inspection, Agents, Mechanisms, Durability.

1 Introduction
Building components are expected to maintain their required performance levels over their
service life. In order to succeed in this process, identifying the environment and the future cause
of the deteriorations are a precondition. During the literature reviews, it is seen that facade
materials such as granite, wood composite, aluminium, glass and ceramic are exposed to
deteriorations as time progresses.
According to Grelk et al. (2007), bowed granite cladding is a problem caused by the
temperature differences and the moisture. Also, Marie (2013), in her article, states that natural
stone facades perform differently over time and the colour of the facade may change according
to cracking, dirt, corrosion, carbonation and biological colonization. This change causes visual
aesthetic problems and the problems may differ according to person’s characteristics.
Morrel et al. (2010), state that as a biological agent, white rot fungi and brown rot fungi can
easily deteriorate wood in wood plastic composites (WPC) and may cause loss of weight
depending on the climate. The most important factor was determined as moisture for fungal
decay. They also argue that WPC’s bending properties change when exposed to fungi. The
authors go on to say that physical agents are also important when deterioration of WPC’s is the
subject. Although the damage seems like it is on the surface, chemical discoloration occurs
beneath the surface and it is very difficult to remove. Also, UV degradation changes the
characteristics such as colour, surface composition and mechanical changes of WPC’s.
According to Honfi et al. (2014), in their article about the glass structure failures, they
described two kinds of exposures which are faults and errors. Faults are the physical reason for
the failures such as excessive loading, surface damage and moisture, while errors are the logical
reason of the exposures such as modelling and calculation errors, poor manufacturing and
detailing errors.
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Corrosion is most common in metals and observed to some extent in ceramics. Khanam et
al. (2015), state that corrosion on aluminium has seen because of the saline environment. They
state that chloride ions attack to aluminium film and made pits on the top. This causes structural
failure of the material.
Besides the obvious problems of breakage, ceramics deteriorate during their service life
according to temperature, external loads, vibrations and environment. They may contain soluble
salts which can crystallize at or near the surface and destroy the material. Also, unstable glazes
of the ceramics may cause crumbs on the surface (Museum Management Programme, 2018).
In this study, the deteriorations formed in granite, wood composite, ceramic, aluminum and
glass and their causes have been explained systematically. Agents, mechanisms and effects of
the deteriorations were identified. Results and expected damage are explained at the end.

2 The Case Study
2.1 Preparing the Data Analysis
In this section, specific data, information and analysis of the front facade of the building are
intended to provide a proper method for conducting the deteriorations. The first part of this
section provides a draft of the proposed systematic approach to study that reflects on an
individual understanding and perception of the research process. The second part consists the
inspections of the hostile environment and the facade of the building. For the hostile
environmental analysis, site selection, building information and the climate data were studied.
For the facade of the building, facade materials and their structure system were investigated.
2.2 Systematic Approach to Study
A systematic approach is an outline of the researcher for determining the steps of the case study
(Figure 1).
Macro environment analysis focuses on the continental observations consisting of location,
orientation of the building, surrounding buildings, traffic and pedestrian roads and vegetation
at the site. Meso environment analysis consist of climate type, dominant wind direction,
temperature, precipitation, air content, pollution and soluble salts which influence the building.
Micro environment analysis consist of age, height, architectural form, function, facade
materials, material types, their characteristics and material structure system.
Data collected after the macro, meso and micro analysis and was used as a component while
making the visual observations. Visual observations consist of the sunny and rainy-day
conditions of the east facade. According to this conditions, agents of the deterioration have been
analyzed by taking the feedback from the literature review. According to Kuş (2018), agents in
the built environment very rarely act alone but neither work together. The effect of the agent
occurs when a mechanism reveals its appearance.
Performance deteriorates at a rate depending on the environment, the design of the building,
building materials, maintenance and usage (Song and Lim, 2016). In this case, since the
building is at a very young age, it is not possible to visually observe the deteriorations but
estimate them with the help of site analysis and visual observations.
Although all the visual information and the literature review provided, it is not possible to
be certain about the future deteriorations.
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Figure 1. A systematic approach.

2.3 Macro Environment
The building is located on the intersected corner of Portakal Çiçeği street and 1460 street in
Antalya, Turkey. It is a seven storey-high residential building on the right with a distance of
8.40 meters, ten storey-high residential building on the back with a distance of 14 meters and
front with a distance of 40 meters and two storey-car parking on the southwest with a distance
of 21.5 meters. The main entrance faces to east (Figure 2). This facade always takes the sun
directly without having any shading areas. The temperature and the light play a crucial role on
materials. 1460 street and Portakal Çiçeği street have intense traffic. This causes air pollution
which may create deterioration. The distance from the sea is 1 km and the height of the building
from the sea is 22.5 m. The pedestrian roads and the vegetation around the building can be seen
in Figure 3. There is an open area in front of the main facade. There are also car parking areas
on the east and the west facade.

Figure 2. East facade of the building.

2.4 Meso Environment
Antalya has a hot humid climate with rainy winters. The dominant wind direction is from
northeast to southwest (Figure 3). The temperature changes 10°C to 35°C through the year.
October, November and December are the months that take most of the rainfall (Holidayweather, 2018).
The air contaminates soluble salts because of the distance within the sea. This may cause
material deteriorations by collaborating with the mechanism. According to SİM Project,
Sulphur dioxide and particulate matter has been diagnosed in the air (Sürekli Eğitim Merkezi,
2019). Sulfur dioxide and its acid derivations are known to cause considerable damage to
materials. The east and north facade is open whereas the south and west facade are in the shade
caused by surrounding buildings. There isn’t so many people around the building except the
Wednesdays because of the local bazaar. The building welcomes the animals.
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Figure 3. The site plan, the section of the site (on the left) and dominant wind direction and the movement
around the building (on the right).

2.4 Micro Environment
The six-storey office building is three years old. It has a rectangular form with the dimensions
of 42.50 meters to 18.95 meters. The height of the building is 18.60 meters. The facade materials
of the modern designed building are ceramic, aluminum, glass, granite and wood composite
(Figure 4). The properties of the materials can be seen on Table 1.

Figure 4. Facade materials of the building and the structure system of the materials.
Table 1. Properties of the facade materials.

Materials
Ceramic
Ceramic
Granite
Aluminium
Wood composite
Wood composite
Glass

Color
beige
brown
black
white
white
light brown
blue

Surface finish
unglazed
unglazed
polished
polished
flat
flat
flat

Steel truss metal panel curtain wall system has been used for the facade system. A cross or
vertical steel truss is installed on the structure first. Then, a panel is fixed to the steel truss.
Finally, the vertical and horizontal joints between the panels are filled with back-up materials
and then finished with sealant. No anchorage system and no joints can be seen from the external
(Figure 4) (Song and Lim, 2016). The corner adjoining parts of the granites are unpolished.
This part may take water and air to the inside and different types of deteriorations may occur.
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3 Analysis
3.1 Visual Observation Information
For the case study, visual observations are made. The observations took two hours from 12.00
to 14.00. The materials on the east facade have been examined according to their instant
conditions in a sunny day and in a rainy day (Table 2). Also, future deterioration problems are
discussed.
Table 2. Visual observation conditions.

Observation day
Climate type
Temperature
Humidty
Wind direction
Wind speed
Rain ration

Sunny day conditions
10.11.2018
Winter
17°C
43%
NE to SW
3 km/h
0%

Rainy day conditions
17.11.2018
Winter
14°C
86%
NW to SE
21 km/h
70%

According to sunny-day and rainy-day conditions shading areas of the building have been
examined. The facade of the building takes most of the sun except upper part of the facade of
the ground floor in a sunny day, while it is totally in shade in a rainy day.
3.2 Agents, Mechanisms and Effects
Agents of deteriorations have been analyzed while making environmental analyses. 5 types of
agents have been observed. These agents are grouped as; physical agents (temperature,
moisture, light and wind), chemical agents (water, air, salts), biological agents (plants, birds,
mold), design decisions, vandalism.
There exist 4 major typical mechanisms of deterioration, which lead to failure. These are
grouped as; mechanisms caused by material properties, mechanisms caused by material
structure properties, environmental mechanisms, construction related mechanisms.
A review of the causes of failure identified twelve of the most frequent sources of
deterioration in facade materials are; dirt and dust accumulation, spalling, biological
colonization, staining, corrosion, efflorescence, gypsum crust, cracks and breakage,
discoloration, UV degradation, chipping, scratches. Agents, mechanisms and effects of the
deterioration for each facade material can be seen in Table 3.

4 Results and Discussions
In this study, visual observations have been made to determine the future deteriorations. Since
the building is only three years old, only the dirt deposition and the discoloration on the surface
of the granites and discoloration on the WPC’s caused by the rain have been observed. Expected
deteriorations of the materials are discussed below.
Dirt and dust deposition occur on the cracks and on the surfaces of the panel with the help
of the wind. High traffic areas cause great accumulation of dirt (Museum Management
Program, 2018). The east facade is located on one of the most intense traffic areas. Dirt and
dust deposition would be seen on the granite columns in the future. Wind can bring salts in the
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air to the panel surface which can cause spalling (Museum Management Program, 2018).
Spalling couldn’t be seen on the front side of the columns. But it is seen on the north side of the
columns. The reason is, the east side takes the sun more than the north side and can easily dry
whereas the north side is always on shade. Biological agents such as bacteria, algae, fungi, and
moss grow on stone surfaces and cracks with the help of humidity (Museum Management
Program, 2018). The lower side of the columns can easily deteriorate because they are exposed
to water more than the higher parts. Color changes on the panel surfaces may be caused by the
design decisions. The sun plays an important role for this type of deterioration. This may also
effect visual aesthetics (Mauko et al., 2006).
Bowing and expansion due to temperature changes (Grelk et al., 2007) may occur on the
front side of the columns with the help of the temperature. Staining from water absorbtion or
vapour condensation may occur on granite (ICOMOS, 2019). The corners of the granite are
capable of water intake. Corrosion occurs when the chemical reactions happen (Shaw and
Kelly, 2006). The corners of the granite have started to corrode and may cause structural
problems in the future. Ceramics may contain soluble salts that can crystallize at or near the
surface and destroy the panel (Museum Management Program, 2018). The adjoining parts of
the ceramics are capable of salt intake. So, the efflorescence is possible.
Because of the location of the facade, air pollution may cause wet deposition where there is
no rain-wash. This may cause gypsum crust (Agnes et al. 2012). Observations after the rain
showed that, some part of the ceramics dry longer than the other parts. Condensation can lead
to mold growth, noxious odors and deterioration of building finishes of the panels (Campante
and Paschoal, 2002). Biological activity would be seen on the cracks of the ceramics (Agnes et
al. 2012). Cracking occurs when thermal movement isn’t provided (Goldberg, 2002).

Figure 5. Facade of the building (on the left), facade of the building in 30 years (on the right).

The panels would be affected by the temperature. It is clearly seen that no expansion joint
was used, either vertical or horizontal. This may cause cracks and/or breakage even falling of
the panels. Corrosion may occur on the metal structural supports and anchors of ceramic tiles
(Campante and Paschoal, 2002). The panel joints may easily take water and air inside of the
structure. Color changes create visually unproper aesthetic that can be seen on the ceramic tiles
(Song and Lim, 2016). The reason of this can be dirt deposition which comes with the wind.
Biological agents may use wood as a food source or for living with the help of water intake
from the cracks or joints. This may cause weight loss of the panel (Morrell et al., 2010). The
WPC’s on the east facade can easily take water from the rain. It is clearly seen that air pollution

1326

Nil Kokulu

came with the rain and created a color change at the surface. Because of the absorption
characteristics of the WPC’s moisture may cause damage of the material especially on the
shading areas (Morrell et al., 2010). The lower parts of the wood composite look better than the
upper parts. It is probable that the upper parts would have a mechanical degredation in the
future. Especially in the summer, the sun plays an important role. Wood absobs the UV lights.
This causes loss of surface quality and change in the mechanical properties. UV degradation
would be seen at the WPC’s especially on the unshaded areas in the future.

GLASS

ALU
MINI
UM

WOOD
COMP.

CERAMIC

GRANITE

Table 3. Agents, mechanisms and effects of the deteriorations.

Agents
Wind
Moisture + wind
Mositure + wind
Design decisions
Temperature
Moisture
Air + water
Agents
Soluble salts
Design decisions
Moisture
Temperature
Air + water
Wind
Agents
Biological agents
Wind
Moisture
Light
Agents
Air + water
Design decisions
Agents
Wind
Birds
Human related
Moisture

Mechanisms
Pollution caused by traffic
Salts on the surface
Cracks
Sun
No gaps between the panels
Panel joints
Panel joints
Mechanisms
Adjoining parts of the ceramic
Air pollution
Shading areas
No gaps between the panels
Panel joints
Air pollution
Mechanisms
Water intake from the cracks
Air pollution
Absorption characteristics of wood
The color of the panels
Mechanisms
Profile properties
Sun
Mechanisms
Design decisions
Structural problems
Application failures

Effects
Dirt and dust accumulation
Spalling
Biological colonization
Color changes
Bowing and expansion
Staining
Corrosion
Effects
Efflorescence
Gypsum crust
Mold growth, Noxious odors
Cracks, Breakage
Corrosion
Discoloration
Effects
Weight loss of the material
Discoloration
Damage
UV degradation
Effects
Corrosion
Color changes
Effects
Breakage
Chipping
Scratches
Discoloration

Because of the design decisions, wind cause breakage of the glass panels which are not in a
proper location of the facade (Honfi et al., 2014). This may occur on the northeast side of the
building because of the dominant wind direction. Birds cause chipping on the edges of the
panels arised from the structural problems (Honfi et al., 2014) This may occur on the upper
parts of the façade. Vandalism may occur on the lower parts of the building on glass. Cleaning
the panels with inappropriate materials may lead to deterioration. Moisture may ruin the
mechanical and physical properties of stone and this causes discoloration. Since most of the
building gets rain-washed, the glass panels can easily lose their visual aesthetics.
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The method presented in this paper was developed as a tool for the prediction of the service
life of building components. Deteriorations have been anaylzed by a systematic approach using
environmental analysis, visual observations and literature review. It is clearly seen that,
deteriorations on the facade of the building will occur in the future (Figure 5).
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Abstract. There is a continued process to implement innovative materials to enhance the sustainability
and durability of the built infrastructure. Technologies developed over the last two decades have
facilitated the use of glass fiber reinforced polymer (GFRP) composites as internal reinforcement bars
(rebars) for concrete structures, which have proven to be an alternative to traditional steel
reinforcement due to significant advantages, such as magnetic transparency and, most importantly,
corrosion resistance, equating to durability and structural life extension. This study evaluates the
durability of three different available and most commonly used GFRP rebar types, based on exposure
to aggressive environments, such as those experienced in coastal areas. For that, the specimens were
expose to high pH seawater solution (that simulates the alkalinity of the concrete exposed to seawater),
at 60 ºC for different periods of time: 45, 90, and 180 days. The durability of these GFRP rebars was
assessed by testing four different physio-mechanical properties, including: tensile strength, elastic
modulus, and transverse and horizontal shear strength. Preliminary results show that the resilience of
the GFRP rebars after being exposed to high pH seawater at high temperature, varies considerably
among the three different types. The tensile strength was the most affected physio-mechanical property.
Keywords: Composites, Durability, GFRP Rebars, Resilience.

1 Introduction
The use of GFRP bars (Glass Fiber Reinforced Polymer) is gaining importance as internal
reinforcement for reinforced concrete (RC) structures, primarily due to the corrosion-resistant
properties. One of the most important applications for this alternative reinforcement is its use
in coastal RC structures where corrosion of traditional steel rebars is critical (Nolan, Rossini
and Nanni, 2018) and poses significant issues for the longevity and cost of the infrastructure.
This is especially important in marine environments due to: i) salt water in direct contact with
concrete structures, through foundations or by air and ii) the need to increase the infrastructure's
future resilience and sustainability to sustain the numerous effects related to climate change,
such as the sea level rise. These critical needs may no longer be of concern with the use of
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GFRP bars; which are composite reinforcing bars made of glass fibers embedded in a resin
matrix and are non-corrosive. Because the driving force for such alternative reinforcement bars
is the lifespan extension of RC structures, the durability of GFRP rebars must be carefully
evaluated, as these aspects are fundamental for the expansion and extended application of this
technology.
Concrete is considered a highly alkaline material, with typical pH values for freshly placed
concrete above 12.5 to 13.9 for concrete made with high alkaline cement (Grubb, Jennifer A.,
et al., 2007). When using steel reinforcement, the high alkalinity of the concrete provides
corrosion protection to the steel by providing a passive layer of iron oxide (Fe2O3). Throughout
the service life of the reinforced concrete structures, different phenomena such as carbonation,
ingress of corrosive agents through voids and cracks, etc. lead to the breakdown of this passive
layer, favouring the corrosion of steel. With GFRP rebars, however, the high alkalinity of
concrete does not have a protective effect as for the steel, but it appears to affects the durability
of the rebars in a negative way instead.
In the literature, different studies exist that have proven the deterioration of the tensile
properties of GFRP rebars embedded in concrete or subjected to high pH solutions which
simulate the alkalinity of the concrete, through accelerated aging protocols (Dejke and Tepfers,
2001; Chen, Davalos and Ray, 2006; Robert, Cousin and Benmokrane, 2009; Robert and
Benmokrane, 2013; Wang, X.-L. Zhao, et al., 2017). In addition, Wang et al. (2017) evaluated
the effect of the simulated seawater and sea sand concrete on the horizontal shear properties of
GFRP rebars, while Ruiz Emparanza et al. (2018) Yan et al. (2017) and Dong et al. (2016)
assessed the resilience of bond properties of GFRP rebars embedded in concrete and exposed
to seawater. Each of these studies are focused on the resilience of a single mechanical property,
and to the best knowledge of the author, no research exists that integrates a combined durability
assessment of different mechanical characteristics, which would help to have a better
understanding of the degradation mechanism affecting GFR bars.
Therefore, this study is comprised by the evaluation of the durability of three different
commercially available GFRP rebars exposed to a combination of high pH and seawater,
simulating coastal reinforced concrete structures. The rebars were aged for up to 180 days at
60°C to accelerate the degradation process. High temperature is used since it is expected that
the rate of reaction will double every 10°C (Pauling 1988). A temperature of 60°C was chosen
based on the practices found in the literature (Dejke and Tepfers, 2001; Chen, Davalos and Ray,
2006; Robert, Cousin and Benmokrane, 2009; Robert and Benmokrane, 2013; Wang, X.-L.
Zhao, et al., 2017). Four different mechanical properties were tested: tensile strength, modulus
of elasticity, transverse shear strength and horizontal shear strength.
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2 Experimental Program
Three types of GFRP bars, denoted as A, B and C, were tested for comparison purposes due to
diversity of the products in the GFRP rebar market (Ruiz Emparanza, Kampmann and De Caso
Y Basalo, 2017). All tested bars in this study had a nominal diameter of 10-mm and were made
of continuous EC-R glass fiber and impregnated with a vinyl ester resin. However, the
manufacturing process and surface enhancements varied among them: Type-A bars were sandcoated, Type-B were helically wrapped, while Type-C were ribbed (see Figure 1).

Figure 1. GFRP rebars Type A, B and C (from left to right).

The focus of this study was to assess the mechanical performance of three GFRP bar types
before and after being aged in simulated seawater concrete pore solution. Four different
mechanical properties such as tensile strength, modulus of elasticity and transverse and
horizontal shear strength were evaluated. For every property and exposure condition, a
minimum of three specimens were tested. Table 1 summarizes the test matrix with the
corresponding standardized test method used in this study.
Table 1. Test Matrix for durability assessment.

Rebar
type
A
B
C

Temp.
°C

Duration
Days

60

45
90
180

Mechanical Property

Test Method

Tensile Strength
Modulus of Elasticity

ASTM D7205

Transverse Shear Strength

ASTM D7617

Horizontal Shear Strength

ASTM D4475

In addition to the tests run on specimens that were aged at 60 °C for 45, 90 and 180 days as
seen in Table 1, three repetitions per mechanical property were tested on non-exposed
specimens. These results were used as benchmark to assess the resilience of the mechanical
properties after the accelerated aging protocol.
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2.1 Simulated Environmental Exposure Condition
The accelerated aging of the GFRP bars specimens was achieved by completely immersing the
bars into a to high pH seawater solution at 60 ºC and different exposure times (45, 90 and 180
days). The seawater used was directly taken from Key Biscayne (Florida, USA). The solution
was made by dissolving calcium hydroxide, sodium hydroxide and potassium hydroxide in
seawater (2 g of Ca(OH)2 + 2.4 g of NaOH + 19.6 g of KOH per liter of seawater). The mass
concentrations of the solution were chosen according to Chen et. al 2006 (Chen, Davalos and
Ray, 2006). The high alkalinity solution simulates the pore solution of normal concrete with a
pH value of about 13.6.
2.3 Specimen Preparation
After each exposure condition, the GFRP rebars were extracted from the solution and prepared
for testing according to the corresponding ASTM standards. The preparation of the specimens
used to test the transverse shear strength consisted of cutting the rebars to 230 mm specimens
while the samples for horizontal shear were cut to a length of 6 times the diameter (60 mm).
The preparation of the tensile samples to assess the ultimate tensile strength and modulus of
elasticity, was more extensive: after the rebars were cut to length of 1000 mm, protective
anchors were installed at both ends of the samples to protect the rebar when being gripped by
the loading machine. The anchorage system was accomplished by a 300 mm long steel pipe
filled with expansive grout which will reduce lateral stresses during griping, since GFRP rebars
are weak in the transverse direction compared to the longitudinal one.
2.3 Testing Procedure
Each of the tests were conducted in accordance with the corresponding ASTM: the test setups
are shown in Figure 2.

Figure 2. Test setup: horizontal shear test (top left), transverse shear test (bottom left), and tensile test (right).

In this study, all tests were performed by applying displacement-controlled loading using a
Baldwin machine with a capacity of 890-kN for the tensile test, and a 133-kN Instron test frame
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for transverse and horizontal shear tests. The test rate for the tensile test was 2 mm/min, while
for transverse and horizontal shear test specimens were tested at a rate of 1.3 mm/min. As per
the corresponding ASTMs (see Table 1), for transverse and horizontal shear tests, the crosshead
displacement and the load were recorded. For the tensile tests, in addition to the load, each of
the specimens were instrumented with a 100 mm long extensometer to record the strain, which
was then used to determine the modulus of elasticity.

3 Results and Discussion
For the three different types of rebars within the scope of this research project, four mechanical
properties of unaged and aged specimens were evaluated.
3.2 Unaged Samples
The mechanical properties for ‘as-received’ GFRP bars used in this study are summarized in
Table 2. Mechanical characterization of pristine GFRP bars provided unconditioned values as
a reference for residual strength after exposure.
Table 2. Nominal mechanical properties of 10mm diameter reference GFRP bars.

Rebar
type
A
B
C

Tensile Strength
Avg.
MPa
953.8
834.0
982.5

CoV
%
5.5
5.5
4.3

E-Modulus
Avg.
MPa
51570
55340
54570

CoV
%
5.1
2.0
6.0

Transverse Shear Horizontal Shear
Strength
Strength
Avg.
CoV
Avg.
CoV.
MPa
%
MPa
%
212.4
4.8
42.9
7.7
194.5
3.3
45.3
5.4
211.2
2.6
50.3
5.6

3.2 Aged samples
After being exposed to high pH seawater solution for 45, 90 and 180 days, the aged samples
were tested, and the results obtained for each of the four mechanical properties were compared
to the benchmark values obtained from the unaged specimens, to obtain the retention over time,
as shown in Figure 3 ,4 and 5.
For all the rebar types, the tensile strength was the most affected property with a reduction
of up to 41% for Type-A, while the tensile capacity for Type B and C decreased 29% and 20%
respectively. Compared to the literature, Chen et al. (2006) saw higher degradation (about 70%
of degradation after 180 days) when exposing GFRP rebars to the same solution (except they
used tab water instead of seawater to mixed with the same proportions of hydroxides).
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Figure 3. Retention of the tested mechanical properties for Type-A rebars.

This could be due to the lesser development of the GFRP products back in 2006. More recent
research conducted by Robert et al. (2013) showed a lower reduction (about 10%), but the
simulated seawater pore solution had a lower pH (12.15 compared to 13.5 of the current study)
and the aging temperature was of 50 °C instead of 60°C.

Figure 4. Retention of the tested mechanical properties for Type-B rebars.

The second most affected property was the modulus of elasticity, even if the reduction was
relatively low: between 5% and 13%. These values are aligned with the data found in the
literature (Robert, Cousin and Benmokrane, 2009; Robert and Benmokrane, 2013), where it
was seen that that degradation of the modulus was insignificant compared to the reduction of
the maximum tensile capacity. It is believed by the authors that a degradation of the fiber and
resin interface takes place with the time, which affects the stress transfer between fibers. This
reduction is more noticeable at a critical strain (related to the maximum tensile strength) where
the decrease in the stress transfer capacity may lead to the inability to activate all the fibers of
the cross section of the rebar which will result in higher strains in those fibers that are being
engaged. This will then cause failure of individual fibers at an earlier stage, leading to a
premature failure of the rebar. However, since the elastic modulus is not related to individual
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or incremental fiber failures but rather to the sum of the elastic strain all along the coupon or
rebar gage length, is not that heavily affected.

Figure 5. Retention of the tested mechanical properties for Type-C rebars.

Finally, for all the rebar types, the deterioration in terms of transverse and horizontal shear
capacity was insignificant. Similar behavior has been reported by Benmokrane et al. (2015), in
which GFRP bars (vinyl ester resin matrix with E-glass fibers) where exposed to alkaline
solution (pH 12.6 – 13.0) and resulted in horizontal and transverse shear strength reduction of
5% and 10%, respectively, after 5,000 h at 60°C. This was also seen by Dejke et al. (2001),
even though Wang et al. (2017) saw a decrease in the horizontal shear capacity after the rebars
being aged in a high pH solution. This decrease can be related to the use of different types of
rebars, specially to the type of fiber the rebars tested by Wang et al. (2017): E-Glass was used
instead of E-CR Glass, being this last one the upgraded version of E-Glass, with corrosion
resistance features.

4

Conclusions

In this study, the durability of three different GFRP rebar types was assessed after being
exposed to a high pH seawater solution at 60 ºC and different exposure times (45, 90 and 180
days). Four different mechanical properties were tested: tensile strength, modulus of elasticity,
transverse shear strength and horizontal shear strength. It was seen that the resilience after the
accelerated exposure depended on the type of rebar. However, for all of them, the tensile
strength was the most affected mechanical property, with a reduction of 20 and 41%, followed
by the elastic modulus, which decreased between 5% and 13%. Finally, the horizontal and
transverse shear strength capacities were almost unaltered after the aging process. These
preliminary results were aligned with the findings reported by other researchers in the literature.
Regarding the significant difference in the reduction between the tensile strength compared
to the modulus of elasticity, authors believe that it could be related to the degradation of the
fiber and resin interface, which affects the stress transfer between fibers. This reduction is more
noticeable at a critical strain (related to the maximum tensile strength) where the decrease in
the stress transfer capacity may lead to the inability to activate all the fibers of the cross section
of the rebar which will result in higher strains and, therefore, premature failure in those fibers
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that are being engaged. But, since the elastic modulus is not related to individual or incremental
fiber failures but rather to the sum of the elastic strain all along the coupon or rebar gage length,
is not that heavily affected.
However, the authors of the article acknowledge that more data is needed to confirm these
preliminary conclusions. Future research activities include the extension of the aging time and
addition of extra exposure temperatures. This data will be then used to model the durability and
predict the service life. Finally, it needs to be noted that the durability prediction values should
be compared to results obtained from existing structures, to calibrate the durability model.
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Abstract: Gypsum boards with glass mat reinforcement are used in light weight facade systems.
These boards were recently brought to the Brazilian market. Therefore, there are few studies and little
practical knowledge of their performance over time, mainly concerning to durability. The gypsum
boards manufacturers set that these boards always need to be coated, however they can be exposed to
natural conditions during the construction site period. A study is necessary to evaluate the feasibility
of using these boards in Brazil, since the exposure conditions relating to humidity, temperature and
solar radiation are different from Europe and North America. The aim of this paper is to show the
approach used to evaluate the durability of the gypsum board with glass mat reinforcement, and also
show the test results. In order to establish the durability approach, standards were adopted, as well as
the functional performance concept. In addition, the tests considered that such boards would be used
on the facade and should behave similarly to other boards used in facades in Brazil, such as fiber
cement boards. Thus, mechanical tests were done in steady state, saturated and after aging in cycles
of immersion, drying and heating. Other evaluations were made on gypsum boards applied on exposed
walls. The results showed that even the board strength decreases after the accelerated aging cycles,
the final value remains in an acceptable level. In addition, boards applied on exposed walls for 12
months have been presenting a good performance; meaning no cracks neither detachments, even
though the follow-up still needs to be maintained longer.
Keywords: Gypsum Boards with Glass Mat Reinforcement, Durability, Performance, Aging.

1 Introduction
Gypsum boards with glass mat reinforcement1 were recently brought to the Brazilian market
and it has been used in light weight facade systems2. There are no Brazilian standards
concerning these boards, however, there are American and also European standards (ASTM
C1177, 2017 and EN 15283-1, 2009) and some publications relating to moisture resistance
1

Gypsum boards with mat reinforcement are composed of set gypsum plaster core reinforced with inorganic
fibers which are arranged in a woven or non-woven mat to form flat rectangular boards. Admixtures, fillers
and fibers dispersed in the core may also be present (definition of EN 15283-1, 2009).

2

Site of construction products in Brazil, available in<https://www.aecweb.com.br/emp/p/usg-brasil_34433_1>

doi:10.23967/dbmc.2020.041
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(CMHC, 2007; Randall et al., 2016). Although, these standards and publications, there are
few studies and little practical knowledge of the performance of these boards over time in
Brazil, mainly concerning to durability requirements. Singh and Garg (1992) have defined the
durability of glass reinforced gypsum composite by assessing its behavior in water, in natural
weathering exposition and after wetting and drying aging cycles.
The use of glass mat gypsum boards in external facades is recommended only as a
substrate to a coating system – whether a Direct Applied Finish System (DAFS) or an
External Insulated Finish System (EIFS). Glass mat board manufacturers set that these boards
cannot stay apparent, meaning no coating, during their entire service life. However, they may
be exposed to natural conditions during the construction site period during one year at most.
The boards are used as a component of a facade system. Once assembled in facades, they
must contribute to ensure the design life (DL) of the complete system. This is an actual
discussion in Brazil, mostly because of the residential building performance standard, ABNT
NBR 15.575-1 (2013), set a minimum DL of 40 years for façade systems of residential
buildings.
A study is necessary to evaluate the feasibility of using these boards in Brazil, because of
the design life requirement set on NBR 15575 and because of the exposure conditions relating
to relative humidity, temperature and solar radiation are different among Europe, North
America and Brazil. For example the average temperature in South East Brazil is around 23°C
and 76% of relative humidity, with an average solar radiation of 18 MJ/(m2.dia) (Tiba, 2000,
Inmet site – available in < http://www.inmet.gov.br/portal/>.
In this context, the aim of this paper is to show the approach settled to evaluate the
durability of the gypsum board with glass mat reinforcement for use in facades of multi-story
building in Brazil, and also show the tests results. Therefore, this study is related to the
durability assessment of the glass mat product (board), does not considering the whole facade
system.

2

Research Method

The durability approach settled here is according to ISO 15686-2 (2012) concepts: a)
definition of user needs, material requirements and characterization; b) preparation –
identifications of aging agents, mechanisms and effects, choice of performance characteristics
and evaluation techniques; c) exposure and evaluation – short-term exposure (accelerated
exposure) and long-term exposure (field exposure); and analyzing and interpretation. The
table 1 shows the durability approach developed to this study based on the authors experience
and knowledge.
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Table 1. Durability approach developed to this study, based on ISO 15686-2 (2001) concepts.
Stage
Descriptions/ Definitions
Reference
Definitions
The intention is to use this gypsum
User needs
board in facades of multi-story
Principles set to this work
building in Brazil façades in Brazil
Performance requirements
CMHC (2007); Randall et al.
Strength reversability
relating to gypsum board
(2016) and Singh and Garg
Moisture resistance
durability
(1992)

Material characterization

Density, water absorption,
dimensional changes due to moisture
and bending strength

Characteristic from ASTM
C1177 (2017), EN 152831(2009) and NBR 15498

Preparations
Identification of aging agents

Mechanisms and effects

c) exposure and evaluation –
short-term exposure (accelerated
exposure) and long-term exposure
(field exposure);

Water, solar radiation, hot
temperature
Water is the main agent of plaster
degradation due to the solubility of
the gypsum. By the action of wet-dry
cycles of the environment, the
gypsum dissolves and precipitates
continuously, but the attached
crystals are deposited on the surface
and do not have the same imbrication
of the first formation.
All characteristics were evaluated
before and after stress by immersion
in water associated to differents
temperatures (Figure1)

Adapted of ISO 19208 (2016)

John, V.; Cincotto, M.A. (2017)

Proposal of this paper. The most
tests were carried out
considering the NBR 15498

The tests (characteristics evaluation before and after short term exposure) were designed
considering that gypsum boards with glass mat reinforcement will be used on the facade and
should behave similarly to other boards applied in facades in Brazil, such as fiber cement
boards, even they will be coated after at maximum one year (Figure 1). Then, mechanical
tests were done in steady state, saturated and after aging (cycles of immersion in water and
drying), since the water is the most important aging agent for these boards (Figure 1).
In additional, a field exposure is carrying on since four gypsum boards were assembled on
exposed walls it has been twelve months. These walls are in São Paulo city, West region,
placed directed to North.
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Density

Water absortion

Dimensional
changes

Bending strength

steady state

steady state

steady state

steady state

after aging in
cycles of
immersion and
drying

after aging in
cycles of
immersion and
drying

after aging in
cycles of
immersion and
drying

after aging in
cycles of
immersion and
drying

Tests in steady state and aging exposure according to NBR 15498, BS EN 321(2002) and to
BS 310 (1993)
Figure 1. Tests of gypsum boards under stress condition.

The test in normal condition, steady state, means keeping the samples for three days to
(20±2) º C and (50±5) % of relative humidity. Two kinds of short aging exposure were carried
on: one adopting the fiber cement standard (ABNT NBR 15498, 2016) and the other adopting
the OSB board standard (BS EN 321, 2001).
The aging test specified by ABNT NBR 15498 (2016) consists of subjecting the samples to
50 aging cycles. Each cycle consists of the following steps: immersion in water at 20°C for 18
hours and exposure at 60°C for 6 hours. The aging test specified by BS EN 321 (2002)
consists of subjecting the samples to 3 aging cycles. Each cycle consists of the following
steps: immersion in water at 20°C for 72 hours, then exposure at -12°C for 24 hours and
finally exposure at 70°C for 72 hours. At the end of the aging cycles, the samples were
conditioned at 20°C and 65% relative humidity until they reached constant mass (equilibrium
condition). In the state condition, it determined the flexural tensile strength and the modulus
of elasticity of aged and non-aged samples according to BS EN 310 (1993).

3

Results and Discussion

3.1

Density

According to NBR 15498 (2016) samples of gypsum boards were measured and weighed; the
average results can be seen in Table .
Table 2. Gypsum boards with glass mat reinforcement densities.

Steady state

After aging in cycles
Difference between
of immersion and
normal and aging
drying (1)
conditions
798,6 ± 6,30 g
784,13 ± 19,45 g
14,47g (1,81%)
(1)
aging exposure according to NBR 15498
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3.2

Water Absorption

Moisture content was calculated, according to NBR 15498, using 250x100 mm samples for
gypsum board, which are the same sizes of the bending test samples. The results shown in
Table 3 are the average of 10 samples at 21oC and 65% RH.
Table 3. Moisture content of Gypsum boards with glass mat reinforcement (average result).

Steady state

After aging in cycles
Difference between
of immersion and
normal and aging
drying (1)
conditions
(36,6 ± 0,95) %
(55,5 ± 3,4)%
18,9%
(1)
aging exposure according to NBR 15498

In additional, the moisture content tested according to EN 15283-1 (standard for Gypsum
boards with fibrous reinforcement), is around 4%, which means these boards is Type H1, with
reduced water absorption rate.
3.3

Dimensional Changes

The dimensional changes relating to width and length were tested using 250x100 mm samples
for gypsum board, which are the same sizes of the bending test samples. The results shown in
Table are the average of 10 samples.
Table 4. Dimensional change in width and length.

width
length

3.4

After aging in cycles of
immersion and drying (1)

Difference between
steady and aging
conditions
1,15 %
1,23%
0,08%
0,26%
0,18%
0,08%
(1)
aging exposure according to NBR 15498

Steady state

Bending Strength after Immersion and Dry

The bending strength according to NBR 15498 (2016) was tested using 250x100 mm samples
for gypsum board. The results shown in Table 5 are the average of 10 samples.
3.5

Bending Strength and Modulus after Immersion, Freezing and Heating

The bending strength and modulus of gypsum board was tested using 250mmx50 mm
according to BS EN 310 (1993), in steady conditions and after short aging exposure, that was
based on BS EN 321 (wood board) as showed in Table 6.
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Table 5. Bending strength results before and after short term exposure.
Saturated
Steady state, after
Satured condition,
condition –
aging in cycles of
Requirements
Steady state
after aging in cycles of
immersion in
immersion and
immersion and drying
water for 24hours
drying**
Bending strength
Longitudinal direction
7,9 ± 0,5
4,7 ± 0,4
5,9 ± 0,2
2,6 ± 0,2
(MPa)*
Bending strength
Transversal direction
6,0 ± 0,8
4,3± 0,5
4,5 ± 0,6
2,2 ± 0,2
(MPa)*
* the samples were removed from the gypsum board considering longitudinal and transversal direction
** at the end of the aging cycles, the samples were conditioned at 20°C and 65% relative humidity until they
reached constant mass (equilibrium condition).
Table 6. Average results obtained from the characterization of gypsum board according to BS EN 321.

Requirements*

Steady state

Bending strength (MPa)
Modulus of elasticity
(GPa)

7,11 ± 1,26

Steady state, after
aging in cycles of
immersion freezing
and heating **
6,03 ± 0,9

2,65 ± 0,3

2,02 ± 0,4

Variation
(%)

-19%

-18%

* the samples were removed from the gypsum board only considering the longitudinal direction
** at the end of the aging cycles, the samples were conditioned at 20°C and 65% relative

humidity until they reached constant mass (equilibrium condition).

The variation between the results of the physical characteristics of gypsum board mat
reinforcement in steady state and after aging exposure were under 20%; density was almost
zero, water absorption was around 18% and dimensional changes were around 0,08%.
Relating to bending strength, the results in the saturated state were greater than 50% of the
results in the steady state. The ratio of bending strength in the transversal by the longitudinal
direction was greater than 70%, both in the steady and saturated state. These bending strength
results meet the NBR 15498 specifications. Once considering a severe condition, the bending
strength in saturated state after aging was 50% of the bending strength of the saturated boards
in steady state. Relating to the exposure to wetting / freezing / heating cycles by BS EN 321,
it can be seen from the analysis of Table 4 that both the bending strength and the modulus of
elasticity after the aging cycles presented values above 80% of the initial values.
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3.6

Long-Term Exposure (Field Exposure)

Gypsum boards mat reinforcement were installed in two walls structured by steel frame,
forming a wall of 2400 mm wide x 2400 mm length. After 12 months of exposure, no
significant occurrences (no cracks neither detachments or wraps) were found on the boards.

4

Conclusions

This paper shows an approach to evaluate the durability of gypsum boards mat reinforcement
used in the facade, considering water as the main aging agent, since the board may have
contact with rainwater and solubilize the plaster. Then, tests were made to evaluate the
physical and mechanical characteristics of these boards under normal condition (steady state)
and after aging, cycles of immersion in water and drying. It was assumed that glass mat
gypsum boards should behave similarly to other facade sheets, such as fiber cement and wood
boards. For this reason, it was adopted the aging exposure methods indicated in both
standards.
Concluding, the tests results show that the difference between physical characteristics
before and after aging is less than 20%. Regarding to the mechanical characteristics, the
bending strength losses after aging were on average less than 50%. However, after
conditioning under normal conditions there is a resistance return, the strength after aging, at
steady state, is similar to the resistance in the initial saturated state (table 5). Concerning the
natural exposure, the boards have been providing good results, even though the follow-up still
needs to be maintained longer.
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Abstract. Fibre Reinforced Polymers (FRP) have been widely used to strengthened construction
structural elements in the last years because of their mechanical pros. However, the durability of these
materials is always controversial. In particular, the effect of long-term contact with water on the
mechanical properties of FRPs is studied in this research throughout the implementation of accelerated
degradation tests. Samples of Carbon FRP and Glass FRP were immersed into supply water, water with
salts and surfactants and highly chlorinated water. In all cases, electrical current passing through the
samples was also imposed. Tensile tests on pristine and degraded samples were carried out to determine
the influence of these aggressive environments on the tensile strength and the Young’s modulus of the
specimens. Finally, superficial (ATR) FT-IR analyses were conducted to assess possible chemical
changes in the samples surfaces. Results indicated that the chemical composition of used resins was not
modified due to the water exposure. No hydrolysis process took place during testing time on the surface.
However, mechanical properties were reduced, especially when samples were exposed to plain supply
water, which may be related to the physical degradation caused by moisture intake by diffusion.
Keywords: Composites, Hydrolysis, Mechanical Properties, Accelerated Degradation, Waste Water.

1 Introduction
Fibre Reinforced Polymers have been commonly used to strengthen existing building structures
in the last years. Their significant stiffness, outstanding strength and low weight make FRP an
interesting building material for retrofitting, rehabilitation or strengthening concrete or masonry
structures. In addition, one of the main advantages pointed out by FRP suppliers is its corrosion
resistance in wet environments, although this statement is not always proved.
In fact, FRP durability have been a controversial topic from the very beginning because of
the organic nature of the matrix where fibers are embedded into. In this line, several researches
may be found in the literature.
Some researchers investigated the durability of FRP components. In this line, carbon fiber
has been proved to be resistant to acid and alkali environments and it can only be oxidized by
strong oxidants (Zhu and Hu, 2017). In contrast, glass fiber is known to degrade in presence of
water, especially in alkaline environments (Bank, Gentry, and Barkatt, 1995), where greater
alkalinity is directly correlated with faster rate of glass fiber erosion. The strength of glass fiber

doi:10.23967/dbmc.2020.043
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is permanently reduced after soaking in water because of the chemical reaction of glass fiber
and water (Zhu and Hu, 2017). This fact is increased by alkalinity. Regarding corrosion, glass
fiber can be affected by hydrofluoric acid but it shows a good corrosion resistance.
According to (Department of Defense USA, 2002) epoxy shows good chemical resistance
but its mechanical properties are clearly reduced in the presence of moisture because it is
composed by a large number of polar OH groups that facilitate attractive interaction with polar
molecules like water (Panda and Mamta, 2010). Polyester durability mostly depend on their
typology. Hence, orthophthalic polyester is far more affected by water presence than isophthalic
polyester. According to Shaoru Zhu et al. (Zhu and Hu, 2017), the chemical medium can
penetrate into the polymer, react with it and cause the polymer to swell. This process can
produce salts, hydrolysis, saponification, sulfonation, oxidation or nitrification, which causes
the breaking of the main valence bond. In general, resins have a significant cross-linking degree
that brings resistance to medium corrosion. Hence, controlling curing degree is essential and it
is mainly related to the hydrolytic activation energy of its hydrolyzed groups in the
corresponding acid-base medium. Thus, corrosion resistance of the matrix highly depends on
the curing/hardening agent.
Regarding the durability of the FRP composite material, it is stated (Cromwell, Harries, and
Shahrooz, 2011; Karbhari et al., 2003) that hydrothermal effects are dominant. Water or
moisture absorbed by the FRP matrix can result in physical changes to the matrix (including
plasticization and a reduction in glass transition temperature) which result in a breakdown of
the resin matrix that makes it possible further affectation of fiber and matrix-fiber interface.
According with (Karbhari et al., 2003), moisture diffuses into all organic polymers, leading to
changes in thermophysical, mechanical, and chemical characteristics. Additionally, the primary
effect of the absorption is on the resin itself through hydrolysis, plasticization, saponification,
and other mechanisms, which cause both reversible and irreversible changes in the polymer
structure.
Several absorption studies, like (Sun and Li, 2011) proved that the diffusive and capillary
processes were the main ways composites absorb moisture. The existence of water molecules
in the FRP can weak the performance of interface between the fiber and matrix. This effect can
reduce the shear performance of the FRP and cause the progression of delamination between
layers.
Beside moisture, chemical attack (e.g. acid and alkali solutions) also contributes to
degradation of FRP by accelerating the hydrolysis process (Karbhari et al., 2003; Liu, He, and
Xiong, 2017). It is demonstrated that the tensile strength of FRP composites immersed in acid
and alkali solutions decreases faster than those immersed in distilled water (Liu et al., 2017).
Additionally, scanning electron microscope (SEM) analysis shows that immersion in alkali
solution causes degradation of the fiber-matrix interface and that degradation leads to
significant reduction in the tensile properties of basalt and glass FRP composites. Moreover,
ingress of alkaline media into fiber can cause surface pitting, hydroxylation, hydrolysis and
leaching that not only affect the integrity of fiber but also expose fiber to further degradation.
This was especially observed for glass fiber composites because the reaction between glass
fibers and alkali substances led to increase water uptake (Sun and Li, 2011). Similar response
was observed for acidic media (Liu et al., 2017). According to the wet-dry cycles test results,
degradation of aramid and basalt FRP sheets in sulfate and chloride solutions were more
significant than in alkali and acid solutions because sulfate and chloride solution promoted
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crystallization, which accelerated the degradation. Carbon and aramid FRPs were more stable
although. In contrast, glass FRPs were susceptible to moisture extracting ions from glass fiber
showing lower chemical resistance.
Two processes are observed when a FRP is exposed into an aggressive media: physical
adsorption of the medium caused by swelling and resulting in the destruction of the resin
structure; and chemical effect on the bonds of resin molecules resulting in a performance
decrease (Zhu and Hu, 2017). It is also stated that the chemical attack involves specific chemical
reaction of the polymer with the fluid in the case of polyesters. In this case, the most common
failure mode is the hydrolysis by water, acids and alkalis. Esters, and carbonate groups are
particularly susceptible to this hydrolysis process (Bagherpour, 2012).
Hydrolysis is a reaction that involves the breaking of a bond in a molecule using water.
Molecule polarity promotes moisture sensitivity. Therefore, using hardening or catalytic
systems which provide a less polar molecular structure are preferred to avoid water absorption
and reduce hydrolysis problems (Ellis, 1993).
Regarding the effect of saline environment, it was proved (Bank et al., 1995) that the rate of
strength degradation of aramid/epoxy composites in saline solution was less than that in
distilled water. This behavior was justified because the presence of “massive” salt molecules
slowed down the absorption rate of water, resulting in a slower rate of hydrolysis process. This
fact was also proved by (d’Almeida, 1991).
Regarding the effect of chlorinated environment, it is known that chlorinated water is
normally more corrosive than distilled water because of the higher conductivity and the
penetrating power of the chloride ion through surface films on metals. The rate of corrosion is
controlled by the chloride content, oxygen availability, and the temperature. However, the effect
of the presence of chlorides is not specifically investigated for FRPs.
Regarding the effect of degradation of the mechanical properties, tensile strength of FRPs is
more affected than elastic modulus because of environmental exposure, as stated by (Cromwell
et al., 2011).
As a conclusion of the literature review, it is stated that chemical and physical affectations
are possible on FRPs exposed to aggressive media, mostly involving resin matrix. Studying the
particular effects of salts and surfactants rich water and highly chlorinated water is necessary
for the application of these materials on water treatment plants.

2 Materials and Methods
Two types of FRPs were produced and tested: glass fiber and polyester resin FRP (GFRP) and
carbon fiber and epoxy resin FRP (CFRP). Tensile tests were performed on unaltered samples,
samples immersed in supply water, samples immersed in water with salts and surfactants
representing increased aggressivity of waste water and water highly chlorinated to represent a
long term effect of chloride in supply water.
2.1 Materials
The used glass fiber was E-Glass Chopped Strand Mat with no orientation and a density of
225g/m2. Filaments of the fibers were covered by silane to enhance chemical compatibility with
polyester resins. The used carbon fiber was unidirectional 300g/m2 0.165mm thickness fiber.
The polyester was an unsaturated resin of orthophthalic type and standard glycols, dissolved
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in styrene (acts as hardener). The catalyst was methylethylketone peroxide. Epoxy resin was a
combination of formaldehyde (polymer with 2-(chloromethyl)oxirane and phenol) and
bisphenol A epichlorohydrin polymer. As hardener for the epoxy resin, a mixture of
Isophoronediamine and Trimethylolpropane was used.
2.2 Sample Production
FRPs were manually laminated on a glass plate previously prepared with unmolding agents.
Four layers of carbon fiber and seven layers of glass fiber were respectively used. Over each
fiber layer the corresponding resin was manually applied with a brush (see Figure 1 (a)) at a
ratio of 50% fiber and 50% resin. Finally, perforated release film and non-woven breather felt
were placed below weight application tools to absorb excessive resin during curing process.
Resulting CFRP plate was 1mm thickness whereas GFRP plate was 4mm thickness. These
plates were manually cut to the desired dimensions of 12.5mm x 200mm in the case of CFRP
and 25.0mm x 200mm in the case of GFRP. Twelve specimens of each FRP type were obtained.
These were divided in four groups of three samples. Each group was subjected to a different
media type (unaltered specimens, supply water, waste water and chlorinated water) before
tensile testing.
2.3 Degradation Method
Artificial concentrated wastewater containing 100g of urea, 50g of detergent powder (25% of
sodium carbonate, 10% of sodium percarbonate, 10% of benzensulfonic acid, 3% of no ionic
surfactant, 3% of silicic acid), 35g of NaCl per 1L of supply water was produced according
with typical compounds found in wastewater as by (Garcia, 1985). Artificially highly
chlorinated water was produced by adding 35g of NaCl per liter of supply water. Additionally,
three samples of each FRP were also immersed into supply water for comparison with artificial
concentrated wastewater and highly chlorinated water.
All immersed samples were subjected to an imposed electrical current according with
(International Standardisation Organisation, 2017) which corresponded to 2.4mA for CFRP
samples and 20mA for GFRP samples. Immersion lasted two weeks. Surface of GFRP
specimens showed different coloring depending on the treatment as presented in Figure 1(b).

Figure 1. (a) CFRP production and (b) GFRP specimens state before tensile tests; from left to right supply
water, wastewater, chlorinated water and untreated.
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2.4 Tensile Testing
Before performing tensile tests samples were prepared to avoid local stress concentration failure
mode. This was achieved by covering the endings of the samples by two thin aluminum sheets
bonded to both sides of the sample with epoxy resin. These sheets avoided clamp indentation
on the sample during tensile test.
Tensile tests were performed with an electromechanical press at a constant displacement rate
of 2mm/min, acquiring force and displacement at 50Hz until tensile failure.
2.5 ATR FTIR Testing
Samples were subjected to Fourier-transform infrared spectroscopy analysis (FTIR) after
tensile test. This test was conducted to observe if there were changes of chemical bonds on the
specimens after being treated by supply water, waste water or chlorinated water. Attenuated
total reflection (ATR) technique was used because it is able to examine directly the sample
without further preparation but obtaining only the chemical characteristics of the surface of the
sample. The FTIR spectrometer used in this study was FTIR-8300.

3 Results
Quantitative results from the tensile tests and qualitative observations of the FTIR analysis are
summarized in this section.
3.1 Tensile Strength
The tensile strength (ft) of each sample was calculated assuming a uniform stress distribution
on the cross section, so dividing the maximum applied force by the cross area of the specimen.
All specimens broke by material tensile failure so no sliding respect clamps neither local stress
effects were observed. Tensile strength results are summarized in Table 1.

GFRP

CFRP

Table 1. Results of the tensile tests.

Supply water
ft (MPa) E (MPa)
1108
34364
921
31561
1049
28378
139.3
3333
149.1
3784
157.4
3824

Wastewater
ft (MPa) E (MPa)
1294
30556
1246
34375
1413
28399
143.0
3590
115.7
2881
160.0
3243

Chlorinated water
ft (MPa) E (MPa)
1331
26912
1020
24359
1246
27616
150.1
4043
138.7
2765
155.8
3522

Untreated
ft (MPa) E (MPa)
1311
25967
1495
30351
1033
26257
164.2
3613
159.9
3711
147.4
3120

3.2 Elastic Modulus
Elastic modulus (E) was calculated as the slope of the linear part of the stress-strain curve,
which was set between 20MPa and 100MPa for GFRP and between 100MPa and 600MPa for
CFRP. Strain was calculated as the measured axial displacement divided by the total length of
the sample. Results are summarized in Table 1.
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3.3 FTIR Analysis
Representative FTIR analysis results are showed Figure 2. The analyses have to be performed
by qualitative comparison of the presence/absence of particular peaks in the specific ranges of
the corresponding compounds. Hydroxyl groups, which are related with hydrolysis processes,
are supposed to appear around 3500 cm1 (red line in Figure 2).

Figure 2. Effect of waste water and supply water on CFRP (left). Yellow for untreated, blue for waste water and
green for supply water treated specimens.

4 Discussion
Regarding quantitative results about tensile strength and elastic modulus it is observed that
immersing GFRP with an electrical current causes the decrease of the tensile strength in all
cases. This strength reduction is equivalent for specimens immersed into supply water and into
chlorinated water (-5.5% and -5.7% respectively), so adding NaCl makes no apparent effect on
the tensile strength reduction of GFRP. Immersing GFRP in wastewater brought the higher
tensile strength reduction (-11.2%). It is also associated with the most significant reduction of
the elastic modulus (-7.0%) whereas immersion of GFRP in chlorinated water has no effect (1.1%) on this parameter and immersion in supply water showed an increase (+4.8%).
In relation with CFRP specimens, the greater reduction of the tensile strength (-19.8%) is
observed for specimens immersed in supply water. Treatment in chlorinated water also causes
a decrease of this parameter (-6.3%) whereas immersion into wastewater showed an apparent
increase (+3.0%) of the tensile strength. Elastic modulus of CFRP is increased when immersing
it into supply water (+14.2%) or wastewater (+13%) with no significant difference among them.
However, it is reduced when immersed in chlorinated water (-4.5%).
Looking at the results on the whole, it may be stated that chlorinated water caused the
reduction of tensile strength and elastic modulus for both FRPs. Wastewater causes the
reduction of mechanical properties of GFRP but increases the ones of CFRP. Finally, exposure
to supply water reduces the tensile strength but increase the elastic modulus.
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Incorporating the results of the ATR-FTIR analysis, it is noted that no hydrolysis happened
because hypothetically resulting hydroxyl group was not detected in any case. The
corresponding peak (3500cm-1, red line in plot of Figure 2 as example) were not qualitatively
observed in any case. Results of CFRP may indicate the physical resin adsorption of the
medium, which caused the swelling of polymer, also induced by the electrical field. This
adsorption is restrained by the presence of massive ions like salts and surfactants at the sample
surface. In this line, surfactants are really likely to move on to the exposed sample surface. In
addition, the imposed electrical current would have polarized the specimen surface, changing
the properties of the solid-liquid interface and making it easier for the salt ions to adhere on to
this surface. The combination of electrical polarization, so promoting ions adhesion to the
surface, and superficial attachment of surfactants explained the lower water adsorption, so the
lower reduction or even increase of the tensile strength for CFRP immersed in chlorinated and
wastewater, respectively. The same tendency should be valid for glass fiber. In fact, surfactants
were detected in resin surface of GFRP specimens. However, in the case of GFRP another
process plays an important role in the opposite direction: glass fiber is sensitive to alkaline
environments and higher alkalinity of wastewater may explain the greater degradation of the
specimens immersed in this media because of fiber degradation. Supply water and chlorinated
water showed similar tensile strength reduction because of the sensitivity of glass fiber to the
moisture, which had greater effect than water adsorption restrain for chlorinated water.
Finally, inclusion of water molecules into resin structure of the matrix may explain the
apparent increase of the elastic modulus, which is more evident for the cases in which water
molecules adsorption was not limited, so for specimens immersed in supply water. Similar
effect was observed for CFRP into wastewater but, in contrast, glass fibers really degraded in
this alkaline media so a reduction of elastic modulus of GFRP was observed. Finally, variation
of the elastic modulus of specimens immersed in chlorinated medium was not significant,
reaching a balance between stiffening because of hypothetic adsorption of water molecules and
degradation of material for both FRPs.

5 Conclusions
Combining mechanical analysis and chemical ATR FTIR analysis makes it possible to
understand the underlying causes of the observed changes in the mechanical properties of FRPs
immersed in aggressive water environments. The following conclusions are obtained:
- Exposure to supply water reduces the tensile strength and increases the elastic modulus
of GFRP and CFRP. In contrast, exposure to chlorinated water causes the reduction of
both parameters, whereas wastewater causes the reduction of mechanical properties of
GFRP but increases the ones of CFRP.
- Water adsorption causes the swelling of the polymer, which is accelerated by the
polarization induced by the electrical field, reducing the tensile strength.
- Media with massive ions or surfactants that tend to adhere resin surface, even more under
an imposed electrical field, showed lower water adsorption by the matrix, so less
degradation of the tensile strength results.
- Inclusion of water molecules into resin structure may result in a stiffer response of FRPs
although further research is required to confirm this point.
As practical conclusion, plain water is showed to be the most aggressive media for the matrix
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resin and a real problem to be faced for improving FRPs durability.
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Abstract. The New Zealand Building Code is unique in the world in requiring evidence of a minimum
durability of 50 years for all structural building elements. This prescriptive durability requirement
equally applies to the adhesives used in structural applications such as engineered wood products
(EWPs), including glulam, CLT and LVL. Conventional resorcinol-based structural adhesives have a
long history of use in New Zealand, providing evidence of their ability to meet stringent durability
requirements. Structural adhesives based on polyurethanes (PURs) are used extensively in other parts
of the world and are rapidly gaining increasing interest in New Zealand due to their perceived
environmental and production advantages. However, without a sufficiently long history of use, and a
lack of data around their performance in the preservative treated pine EWPs typically manufactured in
New Zealand, it is difficult to provide evidence of long-term durability for PURs in our domestic building
industry. In this work, attenuated total reflectance Fourier transform infrared (ATR FTIR) spectroscopy
in conjunction with multi-component analysis (chemometrics) was used to understand the changes that
accelerated ageing cause in the chemistry of five PUR-based adhesives. The effect of hygrothermal
stress was investigated through exposure of samples to accelerated ageing cycles of varying
temperatures and humidities for up to 3 years’ duration. Different samples were affected to different
extents by each cycle. Spectroscopic data were also used to build predictive models which have the
potential to be used in long-term durability assessment. Spectroscopic investigation in conjunction with
mechanical testing offers the opportunity to provide a robust, fit-for-purpose test methodology for
assessing the long-term durability of PUR-based structural adhesives.
Keywords: Adhesives, Durability, Degradation, Spectroscopy, Chemometrics.

1 Introduction
The inclusion of a materials durability clause within New Zealand’s performance-based
Building Code (NZBC) is unique in the world. This clause requires all building elements to
demonstrate durability for a minimum specified time (NZ Government, 2014). In the case of
structural building elements, the durability requirement is 50 years.
Structural adhesives are a critical component of engineered wood products (EWPs) including
glulam, laminated veneer lumber (LVL) and cross-laminated timber (CLT). EWPs
manufactured in New Zealand are predominantly produced using pine (Pinus radiata) that has
been preservative treated. Chromated copper arsenate (CCA) is widely used as a timber
treatment, with micronised copper azole (MCA) being a newer alternative on the market.
Traditional formaldehyde, phenolic or resorcinol-based adhesives have a long history of use
in New Zealand and are known to perform well over many decades. Polyurethane (PUR)
adhesives, widely used throughout Europe and North America (Lehringer et al., 2014), are
attracting increasing interest from EWP manufacturers in New Zealand. However, without a
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sufficiently long history of use or long-term durability data available for its performance to be
evaluated in products manufactured using preservative treated pine, it is difficult to demonstrate
that structural building elements containing PUR adhesives will meet the minimum 50-year
durability clause. There is, therefore, a continuing need for the development of standard test
methods for the service life prediction of materials for specific applications such as these (Lee
et al., 2008; Marston et al., 2011). Accelerated ageing is commonly used in these tests.
This paper describes results from a research study investigating the long-term durability of
PUR-based structural adhesives. The ultimate aim of this work is to develop standard test
methods which can be used for the long-term durability evaluation of products containing PUR
adhesives. To achieve this, two concurrent workstreams are being undertaken. The first aims to
enhance our fundamental understanding of PUR materials chemistry by subjecting adhesive
films to various environmental conditions and monitoring structural changes over time. The
second aims to investigate the performance of the adhesive bondline in laboratory-fabricated
EWP samples through conventional mechanical testing. This dual aproach has been
successfully employed by other researchers (Ren et al., 2013), who found that the
complementary advantages of both methods enhanced an overall understanding of structure –
durability relationships in polyurethane adhesives used for timber bonding.
The focus of this paper is on the work that has been carried out on the PUR adhesive films.
The effects of three accelerated weathering cycles of varying temperatures and humidities for
up to 3 years’ duration are reported for five commercially available PUR adhesives. The results
are an extension of the preliminary work carried out on the same adhesives described by
Nicholson et al. (2017) using attenuated total reflectance Fourier transform infrared (ATR
FTIR) spectroscopy and chemometrics.
FTIR spectroscopy has been widely used in the analysis of construction materials (Shaw et
al., 2016; Pellizzi et al., 2014; Zhang et al., 2013; Mitchell et al., 2013; Jelle et al., 2012) and
polyurethanes (Bockel et al., 2018; Clerc, et al., 2017; Ren et al., 2013; Sterley et al., 2012). It
is a rapid, non-destructive analytical technique which can also be used for in situ testing.
Chemical changes in the structure of the PUR adhesive due to ageing and accelerated
weathering can be monitored to predict likely degradation mechanisms, durability
characteristics and expected service life.
The accelerated ageing cycles were chosen based on the likelihood that PURs would be
subjected to hygrothermal stress under in-service conditions. It is known that under conditions
of elevated temperature and moisture, the constituent polyol and urethane chemical entities may
be hydrolysed (Dubelley et al., 2018). The susceptibility to and extent of degradation of
individual PURs is highly dependant on composition. Photolysis induced by UV exposure is
also an important factor to consider. Photolysis results are not presented here because the
adhesive films used in this study were not formulated to withstand UV exposure and were
severely degraded within only days or weeks of accelerated and outdoor ageing respectively.
In the preceeding work (Nicholson et al., 2017), structural changes in the adhesives exposed
to accelerated ageing had been monitored over a very limited timeframe. A main conclusion
was that much longer ageing times were required to build a better picture of degradation
mechanisms and structural changes in order to understand the durability implications of these
changes. The results reported here describe the effects of longer exposure times on the samples.
The additional data now provide better insight into degradation mechanisms and have also
enabled predictive models to be developed for durability evaluation.
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2 Materials and Methods
2.1 PUR Adhesive Samples
Five commercially available PUR-based adhesives were selected to undergo accelerated ageing
tests. Adhesives were cast onto wooden sticks and pressed flat to minimise the effect of foaming
during curing. All samples were allowed to cure for at least the minimum time recommended
by the manufacturer under normal laboratory conditions (approximately 22°C, 55% RH) before
undergoing testing. Control samples were stored in a constant climate laboratory at 20°C and
50% RH.
2.2 ATR FTIR Spectroscopy and Chemometrics
ATR FTIR spectroscopy was performed with an Agilent Technologies 4300 instrument.
Spectra were collected using MicroLab PC software and a diamond ATR sampling interface
over the spectral range 650-4000 cm-1. A background of 16 scans was recorded before each
spectrum of 64 scans with a resolution of 4 cm-1 was acquired. Spectra were analysed and
predictive models developed using GRAMS IQ (version 9.1) software. Table 1 shows the
spectral regions of interest relevant to the PUR structure. Partial least squares calibration and
cross-validation was used to assess the validity of the predictive models.
Table 1. Spectral band assignments for regions relevant to PUR structure in FTIR spectra (modified from
Delpech et al., 2012).

Wavenumber (cm-1)
800-400
1075
1250-1240
1374
1450

Band assignment
N-H
C-O (urethane & ether)
C-O-C (ether)
N-H
C-N
C-H (methyl)
C-N-H (urea)

1560-1530

C-N-H (urethane)

1715-1630
2250-2275
2970-2850
3335-3320

C=O (urethane & urea)
O=C=N (free isocyanate)
C-H (methyl & methylene)
N-H (urethane & urea)

Vibrational mode
Bend
Stretch
Assymetric stretch
Bend
Stretch
Symmetrical bend
C-N stretch
N-H symmetrical bend
C-N stretch
N-H symmetrical bend
Stretch
Stretch
Stretch
Stretch

2.3 Exposure Cycles for Accelerated Ageing Tests
The adhesive samples were exposed to a range of temperature and humidity conditions (Table
2). A complete Cycle A was 1 day in length, a complete Cycle B was 1 week in length and
Cycle C represented constant exposure to elevated temperature and humidity. Controls were
sampled at the same time intervals as the exposed samples.
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Table 2. Description of exposure cycle conditions for accelerated ageing tests.

Cycle A
6 hours @ 30°C, 95% RH
6 hours @ 60°C, 75% RH
6 hours @ 10°C, 50% RH
6 hours @ -10°C

Cycle B
5 days @ 70°C, 90% RH
1 day @ -20°C
1 day @ 80°C, < 15% RH

Cycle C
Constant 65°C, 100% RH

3 Results
All five adhesives had broadly similar composition as determined by ATR FTIR (Fig. 1).

Figure 1. ATR FTIR spectra of freshly cured adhesive samples.

The adhesives were affected by the three exposure cycles in different ways. In general, PUR
1 and PUR 2 exhibited little discernible difference between the control and aged specimens.
This is illustrated in Fig. 2 which shows sample PUR 1 after exposure to Cycle C for 3 years.
Considerable colour changes were observed for both PUR 1 and PUR 2. Originally both cream,
they turned light yellow during Cycle A, orange / brown during Cycle B and dark brown during
Cycle C. Control samples did not change colour.
Structural changes were clearly evident in the FTIR spectra of PUR 3 during Cycles B and
C but minimal changes were apparent during Cycle A when compared with controls. These
differences were observed throughout multiple regions of interest. Fig. 3 shows sample PUR 3
after exposure to Cycle C for 3 years. Colour changes were also observed for these specimens.
Originally beige, as ageing progressed they remained beige during Cycle A, turned white and
powdery during Cycle B and became chocolate brown during Cycle C. Control samples did not
change colour.
PUR 4 and PUR 5 behaved in a similar manner to each other. Some differences were
observed in spectra when compared with the controls during all three exposure cycles. This is
illustrated in Fig. 4 which shows PUR 5 after exposure to Cycle A for 18 months. Both PUR 4
and PUR 5 darkened significantly in colour during ageing in Cycles B and C but not Cycle A.
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Figure 2. ATR FTIR spectra of sample PUR 1 and control after 3 years of exposure to Cycle C.

Figure 3. ATR FTIR spectra of sample PUR 3 and control after 3 years of exposure to Cycle C.

Figure 4. ATR FTIR spectra of sample PUR 5 and control after 18 months of exposure to Cycle A.
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Validation results for predictive models of each adhesive sample and accelerated ageing
condition were variable. Fig. 5 shows the cross-validation plot for the predictive model using
PUR 1 subjected to Cycle C for up to 3 years. This had a coefficient of determination (R2) of
0.91.

Figure 5. Cross-validation plot for the predictive model based on PUR 1 subjected to Cycle C (R2 = 0.91).

4 Discussion
Although the five PUR adhesive samples had similar compositions, differences in spectra
between control and aged samples were observed during accelerated ageing. These differences
ranged from subtle to pronounced but indicate that structural changes have occurred.
PUR 1 and PUR 2 exhibited no obvious structural changes during any of the three ageing
cycles (Fig. 2). The only difference noted was the reduction in intensity and eventual
disappearance of the peak at around 2275 cm-1 (Fig. 1). This is associated with free isocyanate
and its disappearance would be expected as the adhesive cured. This is confirmed by the control
sample which exhibited identical behaviour. On the basis of the spectroscopy data, these
samples both appear to be highly resistant to hydrolysis. However, colour changes were noted,
suggesting some structural changes that were not immediately apparent by spectroscopy.
In contrast, PUR 3 showed evidence of significant hydrolytic degradation during cycles B
and C (Fig. 3). There was an overall reduction in peak intensity compared with the control, and
complete loss of structure in the region 1000 – 650 cm-1 associated with N-H bonds and over
3400 – 1800 cm-1, also associated with N-H as well as C-H bonds (Table 1). Pronounced
reduction in the peak at 1538 cm-1 asociated with C-N-H bonding is indicative of loss of the
urethane structure and accounts for the observed discolouration of the samples. The
disappearance of the peaks between 1750 - 1650 cm-1 further supports degradation of the
urethane structure, being associated with the C=O bonds in urethane.
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PUR 4 and PUR 5 showed evidence of some subtle structural changes around 1700 cm-1
associated with the C=O and C-N-H bonds in urethane and more obvious changes between
3000 – 2800 cm-1 associated with C-H bonding.
While the three exposure cycles were designed to be severe, they are not extreme relative to
the New Zealand climate. Conditions experienced by building materials may well reach or even
exceed 70⁰C and 80% humidity in the north of the North Island in summer and drop to -20⁰C
in the south and central South Island in winter. However, it is the continuous nature of exposure
under these conditions which would not be expected in-service.
It is clear that PURs cannot be treated as a generic class of adhesives that will behave
identically. The wide range of PUR adhesive formulations available, and the apparent
differences in resistance to hygrothermal degradation highlighted in this work, likely precludes
development of a single generic test to predict the long-term durability of a given adhesive. It
is more likely that new PUR adhesives will need to be tested individually to assess performance.
However, the results from this work suggest that a relatively simple accelerated ageing test
based on Cycle C, i.e. performed at elevated temperature and humidity over a period of several
months, would give an indication of the durability of a PUR adhesive to hygrothermal stress.
The cross-validation plot for the predictive model based on PUR 1 subjected to Cycle C (Fig.
5) suggests that it may be possible to incorporate such a model into an assessment methodology
for long-term adhesive durability prediction. This model will be tested using laboratoryfabricated EWP samples which are undergoing natural outdoor ageing. This will provide a
measure of the reliability of the correlation that can be expected between natural weathering
and accelerated ageing. Successful development of predictive models and correlation of PUR
film data with mechanical testing of wood-PUR composites would assist with building a more
complete picture of long-term durability.

5 Conclusions
The properties of a PUR-based adhesive, including its likely durability, are strongly related to
its composition and structure. Even apparently similar PURs can exhibit pronounced
differences in behaviour when subjected to hygrothermal stress. In addition, the same adhesive
did not always exhibit the same structural changes when subjected to different ageing cycles.
This suggests that a generic durability test for all PUR-based structural adhesives is unlikely to
be feasible.
Spectral changes indicative of structural degradation had a relatively early onset within
weeks or a few months of exposure to the test cycle. A simple set up consisting of sustained
high temperature and humidity could be considered as a rapid screening test for new or
unknown PUR adhesives.
While spectroscopy alone cannot determine long-term durability, this technique can
contribute important chemical information and complement other more conventional
mechanical testing methodologies. Development of predictive models may further enhance its
value. A combined spectroscopic and mechanical testing approach offers the opportunity to
develop a robust, fit-for-purpose test methodology for assessing the durability and expected
service life of PUR-based structural adhesives used in New Zealand-manufactured EWPs.
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Abstract. This study aimed to evaluate the influence of different types of metakaolin and curing
conditions on mortars depth of carbonation. To do so, prismatic mortar specimens were produced by
using three different 1:2 mix proportions (binder: sand): a reference mix proportion (without mineral
addition) and two mixes with partial replacement of the cement by metakaolin, in the content of 10% by
mass of cement. Two types of metakaolin with different characteristics were used in order to verify their
capacity of changing the mortar microstructure and the pore solution, modifying this way the
carbonation behavior of these materials. Three curing conditions for the test specimens were defined:
no wet curing and wet curing (by immersion in water) for 3, 9 and 28 days. After the accelerated
carbonation procedure in a CO2 chamber (in an atmosphere of 10% of CO2), with a relative humidity
of 70% and a temperature of 20°C, for a period of 7 days, the carbonation depth was measured by using
pH-indicators based on phenolphthalein and thymolphthalein. The results indicated influence of the
type of curing in the carbonated depth and the significant interaction between curing and the type of
metakaolin. When wet curing was not performed, the carbonation was more intense in the reference
mortar. The effect of curing in the mortars with metakaolin was much less significant compared to that
in the reference mortar. A global discussion about carbonation behavior of metakaolin modified mortars
will be performed, based on the characteristics of the metakaolins.
Keywords: Carbonation, Durability, Metakaolin, Curing Procedures, Mortar.

1 Introduction
The durability of structures fits into an important context for building performance, as well as
sustainability and economy.
Among the phenomena responsible for the deterioration of reinforced concrete, there is the
reinforcement steel corrosion due to carbonation or chloride attack. This pathological
manifestation causes the most damage due to the technical difficulty of long-term recovery and
to the cost involved (Castro et al., 2008). Carbonation is a natural phenomenon that occurs by
the chemical reaction between carbon dioxide, presents in the atmosphere, with cement
hydration products, thus reducing the concrete pH. As a result of the phenomenon, the
depassivation of reinforcement steel occurs, facilitating the onset of corrosion.
In this context, mineral additions play an important role in the improvement of concrete and
mortars properties, regarding mechanical resistance and durability, since its use in concrete
improves the interfacial transition zone, densifies the cement paste, refining pores and reducing
their interconnectivity. On the other hand, when considering carbonation, additions can lead to
a negative effect, namely: a reduction in the carbonation resistance of the concrete, due to the
reduction of the "alkaline reserve" of the cementitious system. This effect is influenced by the
type and content of mineral addition used, as well as by the water/binder ratio and curing
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conditions (Cascudo; Carasek, 2011).
Several authors have studied the effect of mineral additions on durability parameters, such
as porosity, permeability, carbonation, chloride attack and others (Hossain et al., 2016;
Papadakis, 2000; Lim; Mondal, 2015). Some authors report that the replacement of cement by
metakaolin increases the carbonation depth (Meddah et al., 2018; Fikhailenko et al., 2018),
whereas other researchers have observed smaller depths (Duan et al., 2012, 2013; Rossignolo;
Oliveira, 2006). So, there are still divergences in relation to the behavior of concrete or mortar
modified with metakaolin, with regard to its performance against carbonation.
Thus, this work aims to analyze the influence of different metakaolins and curing conditions
in the accelerated carbonation of mortars, trying to understand this behavior from the point of
view of the characteristics of metakaolin. In addition, it was sought to analyze the relationship
between the measurements of carbonated depth using two pH indicators: phenolphthalein and
thymolphthalein based solutions.

2 Experimental
2.1 Materials
The mortars were produced with a washed riverbed quartz sand, with a fineness module of 1.65
and a maximum size of particles of 1.18 mm. The cement used was a Brazilian-type CP II F-40
portland cement, with a specific surface area of 4120 cm²/g and chemical characteristics
according to Table 1. A polycarboxylic ether based superplasticizer admixture (density of 1.09
g/cm³ and solids content of 30%), water from public supply network, and two metakaolins
derived from different deposits (Table 2) completed the constituent materials of the produced
mortars. Brazilian-type CP II F – 40 is a portland cement similar to European CEM II/A-L 42,5
R (NF EN 197-1: 2012), being composed of 75-89% of clinker and calcium sulfate, and 1125% in mass of limestone filler, according to the Brazilian standard NBR 16697: 2018.
Table 1. Chemical characterization of cement (C) and metakaolins (J1 and J2).

Chemical (%)
Loss
CaO MgO SO3
Ignit.

Free
CaO

Insoluble
Residues

Alkali
Content

61.02

4.33

0.78

1.10

0.66

Al2O3

SiO2 Fe2O3

C

4.24

18.48 2.63

J1

37.1

52.7

2.3

0.1

1.0

---

2.7

---

---

1.5

J2

39.5

47.6

5.3

0.1

0.3

---

4.7

---

---

0.5

2.76 4.99

The two metakaolins showed different chemical compositions. J1 has higher SiO2 content
and the reddish coloration of metakaolin J2 is explained by the higher iron oxide content in this
material. Regarding fineness, J2 is 30% finer than J1. Despite these differences, the two
metakaolins studied showed very similar pozzolanic activity (modified Chapèlle - NF P18-513:
2012).
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Table 2. Metakaolins’ complementary characterization.

Metakaolin Aspect/Colour

Specific gravity BET Fineness
Chapèlle
(g/cm³)
(m²/g)
(mg CaOH2/ g)

J1

2.58

22.13

1037

J2

2.60

28.71

1075

2.2 Preparation of Specimens and Test Methods
Three different mortars were produced, one as reference and the other two with 10%
replacement of cement by metakaolin J1 or J2, in mass. The mortars were produced with a 1:2
mixture (binder:sand, in mass), since this is a mix proportion commonly used in the mortar
fraction of various concrete mix designs (1:2:3-binder:sand:gravel). The consistency index was
maintained in 320±20 mm (according to ASTM C230: 2014). After mixing, two mortar
specimens were cast, under controlled conditions, in prismatic dimensions of 40x40x160 mm
(ASTM C349: 2018). The mortars’ composition and identification are shown in Table 3.
Table 3. Mortars’ identification and composition (kg/kg).

Identification
A–R
A - J1
A - J2

Cement Metakaolin
1.0
0.9

Sand

Water/Binder

0,0
0.1 (J1)
0.1 (J2)

Superplasticizer
Admixture
0

2

0.55

0.022
0.037

After 24 hours of molding, the specimens were demolded and subjected to four different
curing conditions: no wet curing and curing by immersion in lime saturated water for 3, 9 and
28 days. For the specimens without wet curing, they were packed in PVC plastic after
demolding and stored in a laboratory until the tests performing. For those specimens cured for
3 and 9 days, they were air-dried for about two hours (after the curing period) and then packed
by means of PVC plastic until they reached the testing age of 28 days, in order to prevent natural
carbonation.
At 28 days of age, the accelerated carbonation test (7 days) was started. Before the start of
carbonation, the specimens were preconditioned with humidity (70±5%) and temperature
(20±1°C) controlled (no CO2), according to standard ISO 1920-12 (2015). It was used one CO2
incubator, model 6034-1, Caron brand, with temperature of (20±1)°C, relative humidity of
(70±5)% and CO2 content of 10%. The carbonation depth was measured by spraying the pH
indicators (thymolphthalein and phenolphthalein-based solutions) and using a digital calliper
with an accuracy of 0.01 mm, as shown in Figure 1. Each specimen was sliced two times,
resulting in a four-sided measurement of 40 x 40 mm, a specimen. In 2 faces the
phenolphthalein was applied, and in the other two it was the thymolphthalein. On each side 4
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measures were taken (in the central region on each side), which implies that the mean results
of carbonation depth were obtained using 16 individual measures.
The compressive strength test (ASTM C349:2018) was performed with the mortars
subjected to wet curing for 28 days.

a)

b)

Figure 1. Measurement of carbonated depth using a) phenolphthalein and b) thymolphthalein.

For result analysis, the data was treated with Dixon statistic test (ASTM E178: 2016) in
order to remove spurious values, and then analyzed using variances analysis (ANOVA) to
identify the study’s significant variables. In addition, multiple comparisons of means were
performed by the Duncan test.

3 Results and Discussion
3.1 Compressive Strength
Table 4 presents the results of mortars’ compressive strength. It can be noted that the metakaolin
mortars achieved higher strengths compared to the reference mortar; in addition, there was no
significant difference in strength between A-J1 and A-J2.
Table 4. Compressive Strength at 28 days of age.

Mortar
Compressive Strength - mean (MPa)

A-R
34

A – J1
43

A – J2
42

Standard Deviation (MPa)

10.4

5.0

2.7

3.2 Carbonation
The results of mortars’ carbonation depth, for different curing situations, are presented in Figure
2. The carbonation depth is reduced with wet curing, showing the importance of performing
curing in order to increase the durability of reinforced concrete. Comparing carbonation depths
of mortars submitted to wet curing for 28 days and mortars not submitted to wet curing, it is
possible to observe a reduction in carbonation up to 70% for A-R, and 45 % for A-J1 and A-J2.
The increase of wet curing time from 3 to 28 days reflected in a less pronounced depth
reduction, about 50%, 25% and 30% for mortars A-R, A-J1 and A-J2, respectively. It is
interesting to note that the type of curing exerts a greater influence on the reference mortar than
on the metakaolin mortars (A-J1 and A-J2). It was found that concretes modified with
metakaolin without the application of any curing procedure show superior carbonation
resistance compared to reference concretes. From the literature, it is known that mineral
additions such as blast furnace slag and fly ash require wet curing for a long time to consolidate
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the pozzolanic reactions (Sulapha et al., 2003), and that superpozzolans such as silica fume,
nanosilica and metakaolin are generally not sensitive to wet curing (Couto et al., 2003). This
was verified in the present work for metakaolin and the main argument on the issue is based on
the physical transformation capacity of the cement paste by the action of pozzolan, which
reduces porosity and refines pores, thus increasing the volume of micropores capable of
retaining water in its capillary structure (Duan et al., 2013). In these cases, it can be said that
self-healing occurs due to changes in the material's microstructure.
The analysis of variance - ANOVA (Table 4) confirms the statement that the type of curing
exerts a strong influence on the carbonation depth, while type of mortar did not present
significant effect on the results of this research.
Table 4. Carbonation depth ANOVA.

Efect

SQ

652.73
Model
278.02
Residual Error
930.75
Total
574.50
Type of curing
2.80
Mix design
64.14
Type of curing x Mix design
278.02
Residual Error
Coefficient of Determination (R2) = 0.70

GL

MQ

11
368
379
3
2
6
368

59.34
0.76

78.5

1.8

Result
(5% significance)
Significant

191.5
1.40
10.69
0.755

253.5
1.9
14.2

2.6
3.0
2.1

Significant
Not Significant
Significant

Fcalc

Ftab

Coefficient of Correlation (R) = 0.84

The multiple comparison of means (Figure 2), where dashed lines indicate separation into
different groups, shows that the mortars with metakaolin present a tendency to be similar
regarding the carbonation for all the curing conditions. The behavior similarity of mortars AJ1 and A-J2 can be explained by the fact that the metakaolins presented similar reactivity
(Chapèlle - Tab. 2), confirmed by the compressive strength results (Tab. 4), despite the
chemical, coloring and fineness differences of the two pozzolans. When comparing the
metakaolin mortars with the reference mortar (A-R), a distinct behavior is observed. In
intermediate curing, the three mortars show same pattern from the statistical point of view.
However, when no wet curing is performed, the reference mortar presents a higher
carbonation depth than the mortars with metakaolin. When wet curing is performed for 28 days,
this behavior is reversed; this explains the significant interaction between Type of curing x Mix
design found in ANOVA (Tab. 4). The approximately 50% increase in carbonation depth for
A-J1 and A-J2 regarding A-R, in the wet curing for 28 days situation, can be explained by the
hydration process and the pozzolanic reactions, in which the increased time of wet curing
allowed better conditions for the hydration and pozzolanic reactions to occur, improving
mortars’ microstructure, but with pozzolanic reactions there is also reduction in alkaline reserve
of mortars with mineral additions (Thomas; Matthews, 1992; Cascudo; Carasek, 2011). In
contrast, the shorter depth for A-J1 and A-J2 without wet curing, regarding A-R, can be
explained by the greater influence of curing on reference mortar, in addition to the filler and
pozzolanic effects of mineral additions, which refined the mortars’ porosity and microstructure
(Duan et al., 2013), as previously discussed.
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Figure 2. Carbonation depth results analyzed with multiple comparison of means.

3.3 Relationship Between pH Indicators
Figure 3 shows the relationship between the carbonated depth measurements made with
thymolphthalein and phenolphthalein, and the strong correlation between these two variables
(R² = 0.89). It is noted that, in general, the thymolphthalein indicated greater depths than the
phenolphthalein, which can be attributed to the difference between the indicators’ pH turning
ranges (phenolphthalein from 8.0 to 9.8 and thymolphthalein from 9.3 to 10.5). Other authors
(such as: Kazmierczak; Lindenmeyer, 1996; Yu; Lee; Chung, 2010, Reis; Camões; Ribeiro,
2016; Revert et al., 2016, Thiel; Gehlen, 2019) have worked with indicators and discussed the
relationships between the measurements obtained.

Figure 3. Relationship between carbonated depths with different pH indicators.

1366

Helena Carasek, Mônica E. Jungblut, Paulo M. Passos and Oswaldo Cascudo

The equation obtained for this correlation can be highlighted; the carbonated depth readings
with phenolphthalein are equivalent to 0.9 times the readings taken with thymolphthalein. An
interesting aspect, and perhaps new, was noticed: this relationship between the variables
matches the relationship between the two extremes of the pH ranges nominated by the different
pH indicators (9.3 / 10.5 = 0.9; where 9.3 is the maximum pH indicated by phenolphthalein and
10.5 is maximum by thymolphthalein).

4 Conclusions
Based on the research presented, the following conclusions can be drawn:
Despite of the chemical, coloring and fineness differences of both metakaolins studied, there
were no statistically significant differences regarding the carbonated depths of the mortars
prepared with them. These metakaolins had similar pozzolanic activity (measured by the
Chapèlle method), showing that this characteristic is very relevant to explain the carbonation
of mortars with metakaolin.
The curing condition had a strong influence on carbonated depths of mortars. This depth is
reduced with wet curing and with the increased time of immersion in water, showing the
importance of wet curing for increasing the durability of reinforced concrete. However,
metakaolin mortars are less affected by wet curing when compared to the non-pozzolan mortars
(reference cementitious mortars). This is certainly due to a self-healing action exerted by a
microstructure with refined pores, referring to systems with metakaolin, with greater water
retention capacity.
As for the carbonate depth measurements performed with phenolphthalein and
thymolphthalein based indicators, a strong linear correlation was observed between the two
variables (R² = 0.89). The carbonated depth readings with phenolphthalein are equivalent to 0.9
times the measured readings with thymolphthalein. This relationship between the variables is
exactly the relationship between the two extremes of the indicators’ pH turning ranges
(phenolphthalein = 9.8 and thymolphthalein = 10.5).
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Abstract. Chloride-induced corrosion of reinforcing steel rebar is one of the major durability issues
affecting reinforced concrete structures (RC). Various models have been developed to assess the
durability design with regard to corrosion prevention in chloride-bearing environments, which refer
mainly to uncracked concrete. Cracks, however, are frequently present in real RC structures and
accelerate corrosion initiation of steel reinforcement, resulting in a shortened service life. This paper
presents preliminary results concerning chloride-penetration resistance of different types of uncracked
and cracked concrete, made with Ordinary Portland (OPC), Portland-Limestone (PLC) and
Pozzolanic cement (PC) and a water/cement ratio of 0.45. Load-induced micro-cracks were obtained
with a specifically developed technique. Cracked and uncracked concrete specimens were immersed in
a sodium chloride solution for 32 and 90 days. The chloride penetration front was detected on split
surfaces, perpendicular to the exposed surface, with a colorimetric technique to evaluate the
combined effect of cracks and cement type on the chloride-penetration resistance of different
concretes. Results showed that in uncracked conditions cement type strongly affected chloride
penetration depth in concrete. A mathematical model was applied to evaluate chloride diffusion
coefficient (D) from chloride penetration depth measurements and exposure time. The lowest value of
D was found for PC concrete, that can be attributed to a higher pore refinement in the cement paste,
five times higher for OPC and nine times higher for PLC. In cracked conditions, an additional
penetration of chlorides occurred in correspondence of crack, even for micro-cracks 10-50 μm wide
and 8-30 mm deep, leading to a decrease in chloride penetration resistance. The model however did
not provide for an estimation of D in correspondence of the crack.
Keywords: Reinforced Concrete Durability, Cracked Concrete, Chloride Penetration Resistance.

1 Introduction
Reinforced Concrete (RC) is one of the most widely used construction materials for the
realization of modern structures and architectures. The considerable efforts made in the recent
past to understand the degradation processes affecting RC constructions led to the
development of useful tools and design models aimed at preventing corrosion of steel
reinforcement rebar, which is the main cause of premature failure of RC structures (Bertolini
et al., 2004). These tools and models require several durability-related design parameters,
among which the chloride penetration resistance of concrete is of particular relevance for the
evaluation of the service life of a RC structure in chloride-contaminated environment.
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Several studies have been carried out to investigate the main influencing factors of chloride
penetration resistance of concrete, such as, for instance, the cement type. However, these
studies - as well as current durability design models - often refer to uncracked concrete, a
condition that is rarely met in real RC structures. Cracks in the concrete cover represent a
privileged path for chlorides and it is therefore of fundamental importance to evaluate the
effects of cracks on chloride penetration resistance of concrete (ACI 201.2R-16, 2016).
In recent years, an ever increasing number of studies has been addressed to this topic (Gu
et al., 2015) and, as a general result, it seems that even micro-cracks (crack opening smaller
than 100 μm) can locally affect chloride penetration in concrete (Yoon and Schlangen, 2014).
In some tests the chloride penetration resistance is evaluated by means the so called
colorimetric method. One of the advantages in applying this method to cracked concrete is
that it provides a visual detection of chloride penetration in correspondence and in the vicinity
of crack. In literature, this method has often been applied to concrete specimens with wide
artificial cracks (notches) subject to accelerated exposure test (Audenaert et al., 2007,
Marsavina et al., 2009, Li et al., 2016). Few studies, however, have been addressed to the
application of colorimetric technique on cracked specimens subject to natural exposure
conditions.
In this study, preliminary results are presented within a wider research project concerning
the effects of cracks on RC durability. The chloride penetration resistance of three different
types of concrete, obtained with water/cement ratio of 0.45 and different cements, was
evaluated in uncracked and load-induced micro-cracked configurations. After the immersion
of the concrete specimens in NaCl solution for 32 and 90 days, the chloride penetration was
evaluated via colorimetric technique, and was correlated with crack geometrical parameters.

2 Experimental Procedure
2.1 Materials and Specimens
Concrete specimens were realized with three different mixes, considering three different types
of cement. Details on concrete mixing proportions, and properties at fresh and hardened state
are reported in Table 1.
Table 1. Concrete mixing proportions and properties.

Cement, kg/m 3
Water, kg/m3
Aggregate, kg/m 3
w/c
Superplasticizer, mL
Slump, mm
Density, kg/m 3
fc,cube,7days , MPa
fc,cube,28days , MPa
fc,cube,120days , MPa
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OPC
422
190
1731
0.45
15.5
130
2496
54.0
76.9
86.9

PLC
422
190
1731
0.45
10
170
2526
56.9
60.8
76.8

PC
422
190
1731
0.45
12
165
2477
54.6
67.4
81.4
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It was considered an Ordinary Portland Cement (OPC) type CEM I 42,5R as reference, a
Portland-Limestone Cement (PLC) type CEM II/A-LL 42,5R, which is one of the most
widely used in Italy, and a cement with pozzolanic additions, Pozzolanic Cement (PC) type
CEM IV/A(V) 42,5R-SR. The concrete mixes were obtained with 422 kg/m3 of cement and
190 kg/m3 of water (w/c ratio equal to 0.45), and 1731 kg/m3 of limestone aggregates with
maximum diameter of 9 mm. To improve workability at fresh state, an acrylic-based
superplasticizer was added to each mix. For each concrete type, six cubic specimens 100 mm
side were cast for compressive strength, which was executed after 7, 28 and 120 days of moist
curing on two specimens per time. For chloride penetration resistance six prismatic specimens
of dimensions 120×90×50 mm were manufactured for each concrete type. To promote the
formation of the crack during the cracking procedure, four prismatic specimens were provided
with a central V-shaped notch, about 5 mm deep, along the longitudinal direction on the
casting surface. After casting, all concrete specimens were covered with a plastic film. The
subsequent day were demoulded and placed in the curing chamber (four of them after the
cracking procedure), where they were kept at 20°C and RH>90% for 28 days. Table 1 shows
the average concrete properties at hardened state. An increase of compressive strength in time
was observed, with compressive strengths of 77, 61 and 68 MPa reached respectively by
OPC, PLC and PC concretes after 28 days of moist curing.
2.2 Cracking Procedure
A mechanical loading procedure was developed in order to induce cracks on the casting
surface of specimens. A universal testing machine was used to reproduce a sort of tree-point
bending test, as shown in Figure 1. The procedure was executed 24 hours after casting, on
specimens presenting the longitudinal notch, for details see (Russo et al., 2019). At the end of
the cracking procedure the specimens were placed in the curing chamber.

Figure 1. Specimen geometry (dimensions in mm) and cracking procedure.

2.3 Chloride Penetration Resistance
Uncracked and cracked concrete specimens were exposed to chlorides by immersion (EN
12390-11:2005). After 28 days of curing the specimens were vacuum saturated with
demineralized water. At the end of the saturation procedure they were left immersed in water
and within 24 hours removed from water in order to seal with epoxy resin all the surfaces,
except for the casting surface. After 24 hours the specimens were immersed in a saturated
solution of calcium hydroxide for 18 hours. Finally, all the specimens were immersed in a 3%

1371

Nicoletta Russo, Matteo Gastaldi, Luca Schiavi, Alberto Strini, Riccardo Zanoni and Federica Lollini

by mass sodium chloride solution, for 32 and 90 days (concrete will be henceforth identified
with a code indicating the cement type and the days of exposure, e.g. OPC-90 for specimens
obtained with Ordinary Portland Cement and exposed to chlorides for 90 days). At the end of
the exposure time, the specimens were split with a hydraulic press in one point along the
longitudinal direction, and therefore perpendicular to the crack plane for cracked specimens.
On the freshly split surfaces a silver nitrate solution (0.1 M) was sprayed, in order to
evaluate the chloride penetration profile. The chloride penetration depth was measured in
seven different positions, i.e. in the central point and at a distance of 10 mm, 20 mm and 30
mm on each side. For cracked specimens, the central measure was done starting from the tip
of the notch, in order to exclude its influence on the penetration profile. A further measure
was also done for cracked specimens, corresponding to the maximum penetration depth
starting from the tip of the notch. For each concrete type, two cracked specimens were
provided for each exposure time, while the same two uncracked specimens were used for both
the exposure times. The fracture surfaces of the uncracked specimens analyzed after 32 days
of exposure were sealed with epoxy resin, and the day after were exposed again to chlorides,
in order to be analyzed also after 90 days of exposure. After chloride penetration
measurements the split surface was impregnated with a colored superfluid two-component
epoxy resin. The following day, a thin concrete slice, parallel to the split surface where
chloride penetration depth was evaluated, was cut with a water cooled cutting saw. The
concrete thin slice was then polished and observed at the stereoscopic microscope in order to
detect the two main crack geometrical parameters, crack width and crack depth.

3 Results and Discussion
3.1 Crack Geometrical Parameters
Figure 2a reports, as an example, a wide field image of a cracked PC-90 specimen, obtained
combining three different images at 6× of magnification. Wide field observation was done in
order to detect the main path of the crack and to identify crack tip. The parameter crack depth
was then measured with a caliper, as the distance between the notch tip and the crack tip.

(a)

(b)

Figure 2. (a) Microscopic image of cracked PC-90 specimen; (b) Crack width as a function of crack depth.
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The parameter crack width is intended as the crack opening at the exposed surface, in
correspondence of the tip of the notch. Five measurements were done at 50× of magnification,
in a range of about one millimeter from notch tip, and then averaged. Figure 2b reports the
results obtained for the two replicated samples of the three concrete types after the two
exposure times. Crack widths resulted to be included in the range 10-50 μm, while crack
depth included in the range 8-30 mm. Despite data were characterized by a quite high
dispersion, increasing crack width an increase also in crack depth was observed, which was
independent from the cement type and the exposure time.
3.2 Chloride Penetration Resistance
A colorimetric technique was used to evaluate the chloride penetration profiles on the split
surfaces of different cracked and uncracked concretes. Figure 3a and 3c show, as an example,
the chloride penetration profile in PLC uncracked and cracked specimens respectively, after
32 days of exposure. The penetration depths in different points after 32 days of exposure for
the three cement types are reported in Figure 3b for sound and 3d for cracked configuration.

(a)

(b)

(c)

(d)

Figure 3. Chloride penetration in PLC-32 (a) uncracked and (c) cracked specimen; Chloride penetration depth
measured in different points at different distances from the central axis of the specimen for different concrete
types in (b) uncracked and (d) cracked specimens after 32 days of exposure.
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(a)

(b)

Figure 4. Local increase of chloride penetration depth in correspondence of the crack with respect to sound
conditions, as a function of (a) crack width and (b) crack depth.

In Figure 3b it can be observed that, in sound conditions and for each type of concrete, the
penetration depth was almost constant along the specimen and comparable between the two
replicate specimens. As expected the lowest chloride penetration profiles were referred to the
PC cement type, showing a chloride penetration depth of about 5 mm after 32 days of
exposure. This can be attributed to a higher pore refinement in the cement paste, and therefore
a higher chloride penetration resistance of this concrete type. On the other hand, despite the
results of compressive strength, OPC and PLC resulted to have similar chloride penetration
depths, of about 10 to 15 mm after 32 days of exposure. The same trend of penetration profile
was detected on cracked specimens, except for the measurements carried out in the vicinity of
the central axis, where penetration profiles were clearly altered by the presence of the crack
(in this point the measurements were done starting from the tip of the notch).
In order to account for the influence of crack geometrical parameters, in Figure 4 is shown
the local increase in chloride penetration depth in correspondence of the crack with respect to
sound conditions (xcr/xs) as a function of crack width and crack depth for both the exposure
time. xcr/xs represents the ratio between the chloride penetration depth in the crack and the
average penetration depth in sound specimens. It can be observed that chloride penetration in
the crack resulted always higher with respect to uncracked conditions, until a maximum of 3
times higher. The local increase of penetration depth in the crack after 32 days of exposure
resulted always doubled for crack widths included in the range 10-30 μm and crack depth
about 10-20 mm, independently from the concrete type, indicating that micro-cracks could
lead to a significant increase of the chloride penetration. After 90 days of exposure, for PC
concrete the local increment in correspondence of crack was still similar, while for OPC and
PLC a lower local increment was detected, included in the range 1.2-1.5, although crack
parameters were comparable to those at 32 days of exposure. This effect will be further
investigated to understand if it is due to some self-healing effects, or simply to data scattering.
From the measurements of penetration depths, an attempt was made in order to evaluate
chloride penetration resistance of the different concretes in terms of chloride diffusion
coefficient. The diffusion coefficient was calculated considering a linear correlation between
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the chloride penetration depth and the square root of time, according to the relationship
proposed by Collepardi et al., 1970:
(1)

x = 4 √𝐷𝐷𝐷𝐷

where x is the chloride penetration depth, t is time and D is the chloride diffusion coefficient
of concrete.
Figure 5 shows the relationship between the chloride penetration depths for different
concretes and the square root of time. It seems that for all cement types in uncracked
conditions there is a general decrease in the chloride penetration rate over time (i.e. ageing
effect), which has already been detected (Collepardi and Biagini, 1989), although for longer
exposure times with respect to those considered in this study. Anyway, a single linear
interpolation was done for each type of concrete, and the values of the diffusion coefficient
are reported in the chart legend. The highest chloride penetration resistance was detected for
the PC concrete, whose chloride diffusion coefficient resulted equal to 0.34×10−12 m2/s, while
D was more than 5 times higher for OPC concrete (1.79×10−12 m2/s) and nine times higher for
PLC (3.06×10−12 m2/s), consistent with literature data (Collepardi and Biagini, 1989). The
determination of the diffusion coefficient from the correlation (1) in the case of cracked
configurations resulted to have some limitations, not only because of the ageing effect but
also because of crack geometrical parameters, which were different in correspondence of
different measurement surfaces. For PC the linear correlation was still able to fit results, and
the value of the diffusion coefficient in the crack resulted to be equal to 1.82×10−12 m2/s, more
than five times higher than the value measured in uncracked conditions. Conversely, for OPC
and PLC cement types, a linear correlation, in correspondence to the crack, could not be
detected. This is a direct consequence of the effect previously detected, i.e. OPC and PLC
showed lower local increase in chloride penetration depths independently from crack
parameters at 90 days of exposure.

(a)

(b)

Figure 5. Chloride penetration depths as a function of the square root of time for
the different concretes in (a) sound and (b) cracked conditions.
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4 Conclusions
Chloride penetration in concretes made with Ordinary Portland (OPC), Portland-Limestone
(PLC) and Pozzolanic (PC) cement was investigated through a colorimetric technique in
uncracked and cracked configurations. Cracked specimens were obtained with a sort of threepoint bending procedure able to generate V-shaped micro-cracks, with crack opening included
in the range 10-50 μm and crack depth included in the range 8-30 mm. In uncracked
configuration, PC was the concrete type showing lowest chloride penetration depths, due to a
higher pore refinement. In cracked configuration the chloride additional penetration in the
crack (xcr/xs) was evaluated as a function of two main geometrical parameters, crack width
and crack depth. Independently from the concrete type, xcr/xs was always included in the
range 1.2-3. Chloride penetration resistance of different uncracked and cracked concretes was
investigated also in terms of chloride diffusion coefficient (D). In uncracked conditions D
resulted to be equal to 1.79×10−12 m2/s for OPC, 3.06×10−12 m2/s for PLC and 0.34×10−12 m2/s
for PC concrete. The application of the same mathematical model to cracked concrete resulted
limited by the fact that crack geometrical parameters were not considered.
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Abstract. The expansion of cement paste can occur as a result of secondary ettringite formation due
to attack by sulfates. It has been proposed that this expansion is affected by coexisting hydration
products such as calcium-silicate-hydrates (C-S-H), although the mechanism has not yet been
clarified. The present study experimentally examined the effects of coexisting materials on secondary
ettringite formation. Synthesized monosulfate and coexisting materials such as C-S-H were mixed with
a sodium sulfate solution. The secondary ettringite proportion was markedly increased by the
presence of C-S-H, and calcium-aluminate-silicate-hydrates (C-A-S-H) containing four-coordinate Al
were formed in these samples. It is evident that ettringite is likely to form from four-coordinate Al, and
that C-S-H promotes secondary ettringite formation because it transitions six-coordinate Al derived
from the monosulfate to four-coordinate Al by substituting Al in the Si chains.
Keywords: Sulfate Attack, DEF, Secondary Ettringite Formation, Coexisting Materials, C-S-H.

1 Introduction
Expansion due to sulfates is typically referred to as either external or internal sulfate attack,
depending on the sulfate source. Internal sulfate attack after high temperature curing is also
referred to as delayed ettringite formation (DEF) (Collepardi, 2003). Both external and
internal sulfate attack are attributed to secondary ettringite formation in the cement paste.
Ettringite has the composition C6AS3H32 and is formed from tricalcium aluminate (C3A) in
Portland cement or from aluminum in supplementary cementitious materials during the early
stages of hydration. Ettringite is subsequently converted to a monosulfate (Ms) form having
the formula C4ASH12 as the sulfate ion concentration in the liquid phase decreases. When
sulfate ions are supplied to the hardened cement paste they react with the Ms to reform socalled secondary ettringite. However, the mechanisms which can explain all expansions due
to secondary ettringite formation in a unified manner has not yet been proposed.
It has been suggested that the expansion due to secondary ettringite formation is affected by
the properties of hydration products coexisting with the ettringite, such as calcium-silicatehydrates (C-S-H). Taylor et al. (2001) proposed the DEF expansion mechanism in a mortar.
According to this mechanism, ettringite may have a greater degree of expandability when it is
formed in the outer C-S-H near the boundary between two C-S-H phases (outer C-S-H and
inner C-S-H) than when it is formed in the outer C-S-H far from the boundary.
The goal of the present study was to experimentally examine the effects of coexisting
materials on secondary ettringite formation. This was accomplished using a synthesized Ms
sample in conjunction with coexisting materials such as C-S-H. The Ms and other materials
were mixed and hydrated using a sodium sulfate solution, followed by analysis.

doi:10.23967/dbmc.2020.153
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2 Methods and Materials
2.1 Preparation of Materials
The Ms was prepared from a suspension of a 1:1 molar mixture of C3A, which was prepared
by calcining of CaCO3 and Al2O3, and CaSO4 in deionized water, at a water to solid mass
ratio of 10:1. The solid and aqueous phases were separated after curing at 20 °C for 14 d.
C-S-H, calcium hydroxide (CH) and hydrogarnet (HG) were used as the coexisting
materials in this work. Because silica stone does not react at ambient temperature and pressure,
silica stone powder (SSP) was also used for the purposes of comparison with other coexisting
materials. In addition, amorphous silica (AS) and Al-substituted C-S-H (C-A-S-H) were used
in verification experiments. Three C-S-H samples having different CaO to SiO2 molar ratios
(C/S ratio) (of 0.80, 1.00 and 1.50) were synthesized by reacting mixtures of CH, ethyl
silicate and deionized water for 2 d at 40 °C, after which the solid and aqueous phases were
separated by vacuum filtration. HG was synthesized via the reaction of C3A with deionized
water at a water to solid mass ratio of 1:1. Samples were cured for 28 d at 40 °C, after which
the solid phase was separated by vacuum filtration. C-A-S-H was synthesized based on the
method of Pardal et al. (2009). The CH, AS and SSP (purity > 96%) used in this work were
all commercially-available products.
These materials were dried under 110 °C in a drying oven (defined as 0% RH), and
subsequently crushed into particles smaller than 90 μm. The H2O to SiO2 molar ratios of C-SH having the C/S ratios of 0.8, 1.0 and 1.5 dried at 110 °C were 0.63, 0.67, 0.82, respectively.
2.2 Mixing with a Sodium Sulfate Solution
The mixing proportions of the Ms and the coexisting materials are summarized in Table 1.
Herein, the C-S-H and C-A-S-H specimens are termed CSH0.8, CSH1.0, CSH1.5, CASH0.8,
CASH1.0 and CASH1.4, where the numerical portion of the name gives the C/S ratio. The
effects of the chemical composition of the mixture were assessed by simultaneously
Table 1. Specimen proportions.
Powder composition (mass%)
Sample name
Ms+CSH 0.8
Ms+CSH 1.0
Ms+CSH 1.5
Ms+CH
Ms+HG
Ms+SSP
Ms+AS
Ms+(CH+AS)1.0
Ms+(CH+AS)1.5
Ms+CASH 0.8
Ms+CASH 1.0
Ms+CASH 1.4
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Ms
50
50
50
50
50
50
50
50
50
50
50
50

CSH
0.8
50
–
–
–
–
–
–
–
–
–
–
–

CSH
1.0
–
50
–
–
–
–
–
–
–
–
–
–

CSH
1.5
–
–
50
–
–
–
–
–
–

CH

HG

SSP

AS

–
–
–
50
–
–
–
27.61
32.46

–
–
–
–
50
–
–
–
–

–
–
–
–
–
50
–
–
–

–
–
–
–
–
–
50
22.39
17.54

–
–
–

–
–
–

–
–
–

–
–
–
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combining CH and AS with the Ms. In these trials, the CH and AS were mixed so that the C/S
ratio was either 1.00 or 1.50 and the mixture was combined with the Ms at a mass ratio of 1:1.
Each mixture of the Ms and the coexisting materials were mixed with a 0.5 M sodium
sulfate solution at a liquid to powder mass ratio of 2:1. They were manually mixed for 3 m
and transferred into a plastic bottle and cured at 20 °C for 1 d.
After the curing, the samples were broken into small pieces and immersed in acetone for 2
d to prevent further hydration. These specimens were subsequently placed under vacuum to
remove the acetone and stored in a vacuum desiccator in the presence of silica gel for 2 d. The
samples were crushed into particles smaller than 90 μm and dried at 20 °C and 11% RH using
a saturated LiCl solution in a vacuum desiccator until the sample mass no longer changed.
2.3 Analysis
Powder XRD was used for the identification and quantification of hydration products after
mixing with the sodium sulfate solution.
For the measurement of the pH and ionic composition of the liquid phase, a Ms specimen
together with coexisting materials were mixed with a 0.5 M sodium sulfate solution at a liquid
to powder mass ratio of 3:1. After mixing, each sample was placed in a plastic bottle and then
cured at 20 °C for 1 d, after which the solid and liquid phases were separated by
centrifugation. The pH of the liquid phase was measured using a glass electrode pH meter and
the concentrations of Na+, Ca2+ and SO42- ions in the liquid phase were analyzed.
Solid state 27Al nuclear magnetic resonance (NMR) was employed to determine the
chemical state of Al in each sample after mixing with the sodium sulfate solution. The 27Al
magic angle spinning (MAS) NMR experiments were performed with a ECA800 operating at
18.79 T with a 3.2 mm probe and a spinning frequency of 20 kHz. 27Al spectra were recorded
with a 0.6 µs pulse width and a recycle delay of 1 s between scans.

3 Results
3.1 Formation Characteristics of Secondary Ettringite
Figure 1 shows the XRD patterns of Ms samples with each coexisting material after mixing
with the sodium sulfate solution. SSP does not react at ambient temperature and pressure, and
so does not contribute to secondary ettringite formation. The ettringite peaks of the Ms+CH
and Ms+HG were not increased in intensity as compared with Ms+SSP. Thus, when CH and
HG coexist (that is, even when the Ca and Al necessary for the formation of the secondary
ettringite are supplied), there was almost no secondary ettringite formation. In contrast, the
diffraction peaks due to Ms almost disappeared while those resulting from ettringite increased
when C-S-H was added to the Ms.
3.2 Effects of pH and Calcium Leaching
The pH values and ionic compositions of the liquid phases after mixing with the sodium
sulfate solution are provided in Table 2. In all cases, the pH was in the range of 11.57 to 13.39,
which is associated with the stable formation of ettringite (Stark and Wicht, 2003; Shimada et
al., 2005). The Ms+CSH1.5 had the highest Ca2+ concentration, and the values for the
Ms+CSH0.8 and Ms+CH were especially close. The pH of the Ms+CH was higher than that
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Figure 1. XRD patterns of monosulfate specimens with coexisting materials
after mixing with a sodium sulfate solution.
Table 2. pH values and ionic compositions of the liquid phases.

Ms
Ms+SSP
Ms+HG
Ms+CH
Ms+CSH0.8
Ms+CSH1.0
Ms+CSH1.5

pH

Na+ (mol/L)

Ca2+ (mol/L)

SO42- (mol/L)

12.38
12.54
12.43
13.39
11.68
12.60
11.57

1.81
1.13
1.11
1.09
0.78
0.88
0.86

0.01
0.02
0.04
0.04
0.06
0.12

0.35
0.38
0.34
0.05
0.24
0.28
0.13

of the Ms+CSH0.8, although the amount of secondary ettringite in the latter material was
significantly greater than that in the former. Kunther et al. (2015) reported that of the extent
of Ca2+ leaching decreases with decreases in the C/S ratio of the C-S-H, such that the
supersaturation of ettringite in the pore solution decreases and expansion of the mortar is
suppressed. This suggests that a higher Ca2+ concentration in the liquid phase will promote
secondary ettringite formation. However, the results of this study show large differences in
the extent of secondary ettringite formation, even when the Ca2+ concentration in the liquid
phase is constant. Moreover, although the Ca2+ concentration of the liquid phase was slightly
higher in the case of the Ms+CSH1.0 compared with the Ms+CSH0.8, and both pH values
were in the range required for ettringite to be stable, the amount of secondary ettringite in the
latter material was greater. Thus, the promotion of secondary ettringite formation due to the
presence of C-S-H is not completely explained by conventional theories regarding the effects
of the pH and Ca2+ concentration of the liquid phase.
3.3 Effects of Ca and Si-Based Materials
Si in the C-S-H is thought to have played an important role in secondary ettringite formation
in the present work. Figure 2 shows the XRD patterns of Ms specimens with added Ca and Sibased materials after mixing with the sodium sulfate solution. For comparison, the XRD
patterns generated by the Ms+SSP, Ms+CH, Ms+CSH1.0 and Ms+CSH1.5 are also provided
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Figure 2. XRD patterns of monosulfate specimens with added Ca and Si
after mixing with a sodium sulfate solution.

in the figure. These patterns demonstrate that the Ms diffraction peaks produced by the
Ms+AS were slightly less intense than those in the Ms+SSP pattern. When both CH and AS
were present, the Ms peaks were further decreased. Therefore, it appears that the simultaneous
addition of both Ca and Si promoted the dissolution of the Ms. Conversely, the ettringite
peaks did not increase significantly even when both CH and AS coexisted. Thus, even when
the chemical composition in the sample is the same as that of C-S-H, the amount of secondary
ettringite is greatly increased only when C-S-H is present.
3.4 Evaluation of the Chemical State of Al
The chemical state of Al, which is an important constituent element of both Ms and ettringite,
was investigated using 27Al NMR. Figure 3 shows the 27Al NMR spectra of Ms specimens
with each coexisting material after mixing with the sodium sulfate solution. For all coexisting
materials, two peaks corresponding to six-coordinate Al appeared. These two peaks are
attributed to Ms and ettringite (Skibsted et al., 1999; Andersen et al., 2004). The Ms+HG also
generated a HG peak close to the ettringite peak (Cuesta et al., 2017). In the case of the
sample without C-S-H, a six-coordinate Al peak produced by the Ms is clearly present. In
contrast, the spectra obtained from the samples with C-S-H contain a significantly reduced Ms
peak along with a much more intense ettringite peak. Thus, these 27Al NMR data also
demonstrate that the coexistence of C-S-H promoted secondary ettringite formation.
Moreover, each of the three samples containing C-S-H generated a broad peak
corresponding to four-coordinate Al. This peak is also generated by C-A-S-H, in which Al is
substituted for Si in the silicate chains of C-S-H at pairing and bridging sites (Richardson,
2004). Because the bridging sites in the silicate chains are increased as the C/S ratio decreases,
Al is more readily substituted for Si at these sites (Pardal et al., 2012; Renaudin et al., 2009).
It is therefore apparent that, in samples containing C-S-H, the Si in the silicate chains were
substituted with Al released by dissolution of the Ms to generate C-A-S-H.
3.5 Effect of the Presence of C-A-S-H
Figure 4 presents the XRD patterns of Ms specimens with added C-A-S-H after mixing with
the sodium sulfate solution, along with the patterns of the C-S-H samples for comparison
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Figure 3. Al NMR spectra of monosulfate specimens with coexisting materials
after mixing with a sodium sulfate solution.

purposes. The Al/Si ratio in the C-A-S-H was 0.05. These data confirm that the Ms+CASH
generated more intense Ms peaks than the Ms+CSH at equivalent C/S ratios. In addition,
although the ettringite peaks were less intense than those generated by the samples containing
C-S-H, these peaks were more intense compared with those generated by samples with other
coexisting materials. Therefore, in the case of the Ms+CASH, the reaction of the Ms did not
proceed as readily, although the ettringite peak was relatively high. These results suggest that
C-A-S-H contributed to the formation of secondary ettringite by supplying Al.
Figure 5 provides the 27Al NMR spectra of Ms samples with C-A-S-H after mixing with the
sodium sulfate solution. These spectra confirm that the peak ascribed to six-coordinate Al in
the Ms was more intense than those generated by specimens made with C-S-H. The samples
with C-A-S-H as the coexisting material also produced six-coordinate Al peaks corresponding
to ettringite that were comparable to those obtained from the C-S-H samples.
The combined XRD and NMR data suggest that the presence of C-A-S-H promoted
secondary ettringite formation primarily by consuming four-coordinate Al in the C-A-S-H.

4 Discussion
This work demonstrates that only the presence of C-S-H markedly increased the amount of
secondary ettringite in the samples. The 27Al NMR spectra show that four-coordinate Al
appeared only in samples in which C-S-H coexisted with the Ms, and this Al is attributed to
the C-A-S-H (Richardson, 2004). Samples containing C-A-S-H were mixed with the sodium
sulfate solution and examined by XRD and 27Al NMR. The level of ettringite was found to be
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Figure 4. XRD patterns of monosulfate specimens with C-S-H or C-A-S-H
after mixing with a sodium sulfate solution.
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Al NMR spectra of monosulfate specimens with C-S-H or C-A-S-H
after mixing with a sodium sulfate solution.

equal to that in samples containing C-S-H, although the Ms peaks were not deceased.
These results suggest that the presence of four-coordinate Al is closely related to se
condary ettringite formation, hence we assessed the Al coordination numbers in the samples.
In the absence of coexisting materials, or when materials other than C-(A)-S-H coexist with
the Ms (that is, when four-coordinate Al is not present), ettringite having six-coordinate Al is
directly formed from Ms having the same six-coordinate Al. Under such conditions, the
formation of secondary ettringite does not readily proceed.
In the case that C-S-H is present, Al released from the Ms is substituted into the silicate
chains in the C-S-H. As a result, C-A-S-H is formed with four-coordinate Al. If a sufficient
concentration of sulfate ions is available, ettringite is more likely to be formed from fourcoordinate Al than from the six-coordinate Al in the Ms. That is, the presence of C-S-H
promotes secondary ettringite formation by changing the Al coordination number.
As such, ettringite is likely to be formed from four-coordinate Al, and C-S-H promotes
secondary ettringite formation by substituting Al into the silicate chains and converting sixcoordinate Al to four-coordinate. On the other hand, using SCMs is beneficial to decrease
sulfate attack, while the production of C-A-S-H is increased with the amount of added SCMs.
Based on the results of the present study, ettringite is likely to be formed when SCMs are used,
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however; the expansion is actually suppressed. Because of that, the expansion due to
secondary ettringite formation may be related not only to the amount of ettringite but also to
the location of ettringite formation.

5 Conclusions
The purpose of this study was to investigate experimentally the effects of coexisting materials
on secondary ettringite formation. The conclusions can be summarized as follows.
- When monosulfate and C-S-H are mixed with a sodium sulfate solution, the amount of
secondary ettringite is increased in comparison with other coexisting materials.
- The 27Al NMR results confirm that C-A-S-H containing four-coordinate Al is formed
in samples made with C-S-H. In addition, when C-A-S-H is added to the monosulfate,
secondary ettringite is generated at a comparable level to that found in the C-S-H
samples, although the monosulfate remains intact. It appears that ettringite is likely
generated from four-coordinate Al, and that C-S-H promotes secondary ettringite
formation as a result of transitioning six-coordinate Al to four-coordinate Al by
substituting Al in the Si chains.
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Abstract. This study examined crack repair methods using alginate gel films (1.5 wt.%) mixed with
healing agents under wet and dry actions. The healing agents consist of Bacillus subtilis (natto) as an
aerobic microorganism and glucose as an organic carbon source, thereby producing insoluble calcium
carbonate in the gel films in the presence of calcium ions. In this study, repaired surface in cracked
mortar specimens (50×100mm) was observed by microscope. In addition, water absorption test was
carried out in assessing the effectiveness of crack repair for the cases of alginate gel films with or
without calcium carbonate precipitation induced by the microbial activities. Based on the observations
made by microscope, precipitates in white color were clearly observed after 8 weeks on the cracked
surface of specimens especially under wet conditions. In the case of the specimens with higher sealing
rate of crack repair, the alginate gel films were remained intact under dry and wet actions, which is
advantageous to keep moisture by swelling. Water absorption test was carried out using repaired mortar
specimens with average crack size of 0.5 mm. Based on the results obtained, water absorption rate is
substantially decreased in the specimens with increasing sealing rate of crack repair. The results
suggest that higher crack sealing rate associated with calcium carbonate precipitation leads to higher
resistance against water absorption tested in accordance with ASTM C 1585.
Keywords: Self-Healing, Aerobic Microorganisms, Bio-Composite, Water Absorption.

1 Introduction
Recently, repair materials associated with microbial induced calcium carbonate precipitation
(MICCP) have been intensively studied in the field of self-healing concrete e.g. (Jonkers et al.,
2010). We proposed a liquid based repair system comprising dry yeast, organic carbon sources,
calcium sources mixed with Tris alkali buffering solution (Kawaai et al., 2016; Putri at el.,
2016). The grout used for repairing cracks in concrete is supposed to seep into deeper zones in
cracks, joints and gaps spatially distributed in larger areas. Then, calcium carbonate
precipitation mainly contributing to the sealing effect can be formed in the cracks well before
24 hours (Kawaai et al., 2016). It has been reported that the precipitation rate was largely
dependent on the concentration of constituents, pH levels, and ambient environment such as
temperature. The effect of temperature is significant in facilitating the precipitation process
(Putri et al., 2016), thus leading to a larger amount of precipitates formed compared to those
tested in normal room conditions.
Apart from the grout system, the activity of Bacteria added to mixing water was observed to
be limited owing to the pore solution with highly alkaline environment (Jonkers, 2011). In order
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to protect them from corrosive agents and the severe environment, much research has been
carried out in the development of encapsulation techniques including expanded clay particles,
glass tubes, superabsorbent polymer, more recently alginate-based systems (Jonkers, 2011;
Tittleboom et al., 2011; Wang et al., 2014; Palin et al., 2016).
According to past research reported by Kawaai et al., (2017), precipitation of calcium
carbonate in alkaline environment has been confirmed by precipitation tests using aerobic
Bacillus subtilis (natto) encapsulated in calcium alginate capsules. Sodium alginate extracted
from brown seaweed could provide viscosity in aqueous solution, which varies depending on
the concentrations. When sodium alginate dissolved in a liquid is used for repairing cracks in
concrete, there is a strong possibility that the alginate reacts with calcium ions available on the
cracked surface, thus forming a polymer comprising calcium alginate via ion-link on the
cracked surface. This could result in in-situ encapsulation for the microorganism and nutrients
in the cracks. Generally, there are two types of microorganisms, anaerobic and aerobic
microorganisms. The former can metabolize an organic carbon sources in an oxygen-free
environment. On the other hand, the latter requires oxygen for the metabolic activity. In this
study, we selected Bacillus subtilis (natto) as an aerobic microorganism. The liquid-based
mixture is supposed to be applied to concrete structures in tidal zones under marine environment.
Dissolved oxygen is expected to be available during the wet and dry cycles. Based on the above
background, this study examines the effect of crack repair using the viscosity modified mixture
containing the Bacillus subtilis (natto) and nutrients via liquid-based approach under wet and
dry conditions

2 Experimental Programs
2.1 Materials
First, culture solution of Bacillus subtilis (natto) containing sodium alginate is stirred using a
stirrer for 30 minutes until the sodium alginate dissolves. Subsequently, Tris buffer solution or
glucose is added. The concentrations of each constituent of the mixtures are shown in Table 1.
The experimental parameters include the presence (N1 mixtures) and absence (W mixture)
of Bacillus subtilis (natto), the concentration of sodium alginate is specified as 1.5 wt.% for all
the mixtures tested. The use of Tris buffer solution with concentrations of 0.1 mol/L is also
considered as a testing parameter. In this study, three mixtures were totally prepared.
Table 1. Concentrations of each constituent of mixtures.
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2.2 Cultivation of Bacillus Subtilis (natto)
In this study, Bacillus subtilis (natto) was cultivated using culture media mainly comprising
NH4Cl, NH4NO3, Na2SO4, MgSO4, CaCl2, K2HPO4, KH2PO4 in this study. The round rod shape
of Bacillus subtilis (natto) forms a spore per a bacterial cell in the bacterial body. Spores are
formed when it becomes an environment not suitable for growth such as oxygen, water and
nutrient sources. And then, they become dormant and inactive. However, if the environment is
set, the spore dormancy state ends, and germination begins. And then it becomes vegetative cell
and the activity starts. Therefore, the Bacillus subtilis (natto) has higher resistance to
environmental fluctuation compared to other microorganisms. In this study, the culture solution
of the Bacillus subtilis (natto) after 24 hours was used as repair mixtures. Before preparing the
mixtures, the dissolved oxygen concentration in the culture solution was measured to confirm
the metabolic activity of Bacillus subtilis (natto) without an aeration apparatus.
2.3 Specimen Preparation and Exposure Tests
In this study, a mortar specimen with a water cement ratio of 0.5 and unit water content of 316
kg/m3 and unit weight of crushed sand 1264 kg/m3 was prepared using a cylindrical mold of 
50×100 mm. Specimens were demolded after 24 hours and sealed curing was carried out until
the age of 28 days. In order to simulate the cracks generated in the concrete member, split cracks
were induced using a loading machine. The experimental set-up is similar to tensile strength
test. The crack width was targeted around 0.5 mm. And then, the repair mixtures were poured
into the cracks. After 1 week, exposure tests were carried out either through wet conditions (12
hours) and dry conditions (12 hours) or only wet conditions (24 hours). Wet cycles were
executed using distilled water containing NaCl (3%) for both cases.
2.4 Measurement of Crack Width and Sealing Rate
The crack width and sealing rate by MICCP are measured using microscope (Dino-Lite Edge
AM7915, ANMO) as shown in Figure 1. The five points highlighted in the figure are
consistently measured using two specimens subjected to each exposure condition. The sealing
rate is calculated based on the ratio of widths occupied with the precipitates over crack widths
at each measurement point.

Figure 1. Measurement of crack width and sealing rate by microscope.
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2.5 Measurements of Rate of Absorption of Water
The rate of absorption of water was measured in accordance with ASTM C 1585-13 using the
specimens subjected to wet and dry cycles or wet condition. The test is carried out in such a
way that the repaired surface was exposed to the distilled water and the water is basically
absorbed through the capillary suction as shown in Figure 2. The measurements were carried
out up to 7 days at predetermined intervals. Based on the changes of weight of the specimens,
the rate of absorption of water is calculated using Eq. (1).

��

𝑚𝑚�
𝑎𝑎𝑎𝑎

(1)

where I: rate of absorption of water, mt: changes of weight of the specimen, a: area of the
immersed surface, d: density of water.

Figure 2. Testing set-up of absorption of water.

3 Experimental Results and Discussion
3.1 Exposure Tests Under Wet and Dry Cycles
For the mortar specimens repaired with each mixture, the materials formed on the cracked
surface were firstly observed by microscope. The observations were made before repaired, 7
days later before the specimens were exposed to the dry and wet cycles and 56 days after the
exposure. It should be noted that the average crack width was about 0.57 mm for the specimens
tested. As can be seen in Figure 3, precipitates in white colour were not observed by microscope
on the specimens for all the mixtures tested after the specimens were exposed to the room
conditions controlled at 20°C for a week. Subsequently, precipitates were clearly observed on
the specimens repaired with each mixture. However, the distribution of precipitates was largely
varied, thus resulting in differences in the sealing rate. The sealing rates were 25.8% (N1-G1T1), 40.0% (N1-G1-T0), 10.0% (W-G0-T0), and 13.8% (No repair). As observed by
microscope, the sealing rate is clearly higher in the cases of specimens repaired with the N1
mixtures. It should be noted that the self-healing could naturally take place in the absence of
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the microorganism owing to the unhydrated cement and carbon dioxide dissolved in the distilled
water. The difference observed in the sealing rate could be also affected by the gel films formed
on the cracked surface. It is partly because the moisture kept in the gel films can be released to
the crack even under dry conditions in the exposure conditions. Thus, the sealing effect could
be obtained even under the dry conditions in such a case. As observed on the repaired surface
after the exposure tests, the higher sealing rate obtained in the case of N1-G1-T0 mixture can
be explained by the fact that the gel films were present and remained intact through the dry and
wet actions.

Figure 3. Observations by microscope on the repaired surface (wet and dry condition).

3.2 Exposure Tests Under Wet Condition
For the specimens exposed to the wet condition, the average crack width ranged from 0.48 to
0.51 mm. As shown in Figure 4, similar to those observed in the specimens subjected to the wet
and dry conditions, precipitates in white color were clearly observed by microscope on the
specimens especially repaired with the N1 mixtures after 56 days exposure. The sealing rates
were 53.0% (N1-G1-T1), 74.4% (N1-G1-T0), 35.4% (W-G0-T0), and 37.9% (No repair). The
effect of repair with respect to the sealing rate was found to be higher in the case of the wet
conditions compared to those observed in the specimens exposed to the wet and dry
environment. This could be attributed to the higher availability of moisture and dissolved
oxygen for the MICCP processes in the N1 specimens. It should be noted that the gel films were
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remained intact especially in those specimens. This contributed to the bio-composite formation
accompanied by the calcium carbonate precipitations inside the gel films. The specimens
repaired with each mixture and exposed to the exposure tests were further tested by the water
absorption tests, which is discussed in Section 3.3.

Figure 4. Observations by microscope on the repaired surface (wet condition).

3.3 Rate of Absorption of Water
Water absorption test was carried out based on modified procedure in accordance with ASTM
C 1585. According to the standard, the primary gradient is obtained based on the changes of
weight up to 24 hours, and the subsequent changes of weight are classified into secondary
gradient. Figure 5 shows the primary gradients calculated based on the testing results for the all
the mixtures including specimens without repair. As can be seen in the figure, the primary
gradients are decreased with increasing rate of sealing effect of crack repair. In particular, the
smallest gradient was obtained in the case of N1-G1-T0 mixture. This is consistently observed
in each exposure condition, thus suggesting that the crack repair using the N1-G1-T0 mixture
contributed to higher resistance against the ingress of water through the cracks. Although the
sealing rate is slightly lower in the case of specimens exposed to wet and dry environment as
reported in Section 3.1, the resistance against the water absorption could be enhanced using the
crack repair though the MICCP. As discussed in Section 3.1 and 3.2, the presence of gel films
are significant factors contributing to higher sealing effect in both exposure cases, which led to
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the formation of bio-composite through the calcium carbonate precipitation. The results suggest
that higher sealing rate of crack repair associated with calcium carbonate precipitation leads to
higher resistance against water absorption tested in accordance with ASTM C 1585 in this study.

Figure 5. Primary gradient of water absorption test and sealing rate of crack repair.

4 Conclusions
-

Based on the observations made on the sealing rate of crack repair, the presence of gel
films remained intact on the cracked surface under exposure conditions could contribute
to higher sealing effect in the cases of the N1 mixtures.
The results suggest that higher sealing rate of crack repair associated with calcium
carbonate precipitation leads to higher resistance against water absorption especially in
the case of the N1-G1-T0 mixture under both exposure conditions (wet&dry and wet)
tested in this study.
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Abstract. Water is one of the main factors affecting the durability of porous materials and it is one of
the most common causes of their degradation. Physical phenomena such as freezing or salt
crystallization, as well as the development of fungi and moulds, are caused by the presence of moisture.
In wet material thermal conductivity coefficient increases and the heat loss begins to rise.
Hydrophobization is one of the protecting methods of porous materials against water. Two different
type of water-repellent agents were used for the internal hydrophobization. The first of them is an
aqueous emulsion of silane: triethoxy(octyl)silane (OTES) and the second one is also an aqueous
emulsion but the matrix is poly(dimethylsiloxane) (PDMS). The paper focuses on the use of
organosilicon water repellents. The main purpose of this paper is to determinate the possibility of use
organosilicon agents as admixtures to internal hydrophobization. We compared results obtained for two
different silicon-based admixtures. We investigated influence of both water-repellents on basic
characteristics such as: absorbability, capillary water absorption and mechanical properties of cement
mortar as well as heat of hydration of cement paste.
Keywords: Internal Hydrophobization, Cement Mortar, Silane, Siloxane.

1 Introduction
In 2018, in Poland, cement sales amounted to 18 million tons (Polish Central Statistical Office,
2019). And it is growing every year. Cement-based building materials are one of the most
commonly used one. But, as all we know, they are porous, which means that their resistance to
water is insufficient. Water is one of the main factors affecting the durability of porous materials
and it is one of the most common causes of their degradation. Physical phenomena such as
freezing or salt crystallization, as well as the development of fungi and moulds, are caused by
the presence of moisture. In wet material thermal conductivity coefficient increases and the heat
loss begins to rise. Not to mention aesthetic features (e.g. stains) and deterioration of the
microclimate. The appropriate design and composition of building material may already be a
part of protection against water. The hydrophobization process might complement to these
actions. Hydrophobization can be carried out in two ways from the technological point of view.
The material may become hydrophobic by applying water-repellent coatings on the surface or
by using suitable admixtures as one of the components. Internal hydrophobization carried out
with the hydrophobic admixtures causes, contrary to surface treatment, the hydrophobization
of the surface and internal surface (Barnat-Hunek, 2016).
There are very limited number of regular studies or they are insufficient in determining the
effectiveness of internal hydrophobization of cement-based building materials with
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organosilicon compounds. In this paper we investigate the influence of two different siliconbased admixtures on fundamental properties of cement mortar/paste. The addition of
hydrophobic admixtures to the batch water was intended to create a hydrophobic material in its
whole volume.

2 Hydrophobizing Agents
Considering the chemical nature of porous building materials, it can be seen, that silicon
compounds (silicon dioxide, silicates, aluminosilicates etc.) are part of natural and
manufactured building materials. Therefore, organosilicon compounds have found practical use
in the hydrophobization of building objects. They are mainly based on and silicon-oxygen (SiO) and silicon-carbon (Si-C) bonds. The basic structure of organosilicon compounds is a
polysiloxane chain (O-Si-O-Si-O) and the type of substituents affects the diversity of spatial
arrangements that can be created from the basic chains (Barnat-Hunek, 2016).
Science the 1950’s silicon-based compounds have been used in industrial applications.
Hydrophobic agents based on organosilicon compounds are the youngest, and the most
promising, group of hydrophobic agents for internal treatment. The main groups of these
compounds are alkylsilanes, arylsilanes, halosilanes, silanols, siloxanes, silylamines and silyl
esters. Among all different kind of hydrophobic products developed for the building industry,
silicone resins, silanes, oligomeric and polymeric siloxanes have proved to perform best in
surface hydrophobization. Until recently stearates and oleates were used as waterproofing
admixtures. Effective surface hydrophobization with organosilicon agents caused attempts to
use them as admixtures. It turned out that organosilicon compounds used as water-repellent
admixtures are the most efficient in protecting from water penetration (Barnat-Hunek, 2016;
Grabowska et al., 2019; Roos et al., 2008).
2.1 Triethoxy(octyl)silane
Silanes are monomeric molecules (have one atom of silicon) with low molecular weight of 178.
They are a silicon analogue of methane. Silane derivatives of the general formula: RnSiX4-n
have the most important practical significance (R can be a hydrogen atom, an alkyl or aryl
group, X can be a halogen atom or an alkoxy group). Longer alkyl chain-length provides desired
water resistance of the modified material and steric protection to the silicon-oxygen bond.
Initially silanes undergo hydrolysis and polycondensation reactions. Subsequently they crosslink under elimination of alcohol and as a result of which polymers, with polysiloxane chain,
are formed. (Ciabach, 2001; Roos et al., 2008). Triethoxy(octyl)silane is an alkyl alkoxy silane
with three ethoxy groups and one octyl group in its structure (Fig 1).

Figure 1. Structure of triethoxy(octyl)silane.
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2.2 Poly(dimethylsiloxane)
Siloxanes are oligomeric molecules with a molecular weight about 400-600. The basic structure
of siloxanes is a polysiloxane chain (O-Si-O-Si-O). Polysiloxanes are versatile materials. They
have an excellent chemical, physical, and electrical properties. Poly(dimethylsiloxane) (PDMS)
is an important example and the most common polysiloxane of this class of polymers. The
chains of polysiloxanes consist alternately connected silicon and oxygen atoms. Inorganic chain
and the presence of strong bonds (Si-O and Si-C) provide significant thermal and oxidative
resistance as well as resistance to UV radiation of polysiloxanes. Despite of the polar character
of siloxane bonds (Si-O bonds have ionic character in 50%) organosilicon compounds show
similarity to paraffins in terms of low critical surface tension. Siloxanes have very low surface
energy and exceptional hydrophobicity. PDMS chains are arranged in helixes and present of
the methyl groups (-CH3) give hydrophobic character of modified materials. Weak
intermolecular interactions, characterizing PDMS, provide a significant gas diffusion
coefficient. Organosilicon compounds, compared to other polymers, are characterized by very
high oxygen, nitrogen and water vapor permeability (Chruściel et al., 2008, Cypryk et al.,2007;
Grabowska et al., 2019;).

A)

B)
Figure 2. A) Polysiloxane chain (Cypryk et al.,2007), B) Structure of PDMS.

3 Materials
The Ordinary Portland Cement 42.5 R was used. Table 1 shows composition of investigated
cement mortars. They were prepared according to Polish standard PN-EN 196-1 with a watercement ratio (w/c) equal to 0.5. Prismatic samples of mortar, with dimensions160x40x40 mm,
were prepared for mechanical, absorbability and capillary water absorption tests. Isothermal
calorimeter was used to determine the influence of organosilicon admixtures on the heat of
hydration of cement paste.
Two different type of water-repellent agents were used for the internal hydrophobization.
The first of them is an aqueous emulsion of silane: triethoxy(octyl)silane (OTES). The second
admixture is also an aqueous emulsion but the matrix is poly(dimethylsiloxane) (PDMS). The
amount of the hydrophobic admixture in cement mortar or paste was 0%, 1%, 2% or 3% (refer
to cement mass). They were added to the batched water. Both admixtures are recommended for
volume hydrophobization.
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Table 1. Composition of cement mortar.

Water repellent agent
OTES/ PDMS
1%
W/C
Cement [g]
Sand [g]
Water [g]
Admixture [g]

2%
0.5
450
1350
225
9.0

4.5

3%

13.5

4 Results
4.1 Mechanical Test
Table 2 shows the results of mechanical test received after 1, 2, 7 and 28 days of curing for
hydrophobized cement mortars. Results shown in Table 2 represent the average value taken
over six samples. The compressive strength test was carried out on halved, prismatic samples
left after flexural strength test. Results of each test of cement mortar admixed PDMS show
substantial decrease in mechanical strength. After 28 days of ageing addition of
poly(dimethylsiloxane) (PDMS) based admixture decreases the mechanical properties by
almost a factor of two. The addition of 1% silane admixture does not decreases significantly
compressive strength after 1, 2, or 7 days of curing. Noticeable loss of the strength is observed
for 2% and 3% addition of silane after 1, 2, 7 and 28 days and for 1% of OTES after 28 days.
Table 2. Compressive strengths after 1, 2, 7 and 28 days of curing.

Water
repellent
agent
Reference
OTES

PDMS

Amount

Compressive strength [MPa]
1 day

2 days

7 days

28 days

0%

14.40

23.04

31.16

45.25

1%

13.17

22.34

32.71

38.35

2%

8.27

18.22

28.72

38.19

3%

7.05

17.18

27.59

36.36

1%

5.03

8.76

10.47

25.84

2%

3.83

8.31

9.02

23.53

3%

3.65

9.07

11.91

22.16

4.2 Absorbability
Absorbability of hydrophobized cement mortar is shown in Table 3. The test was carried out
on three specimens for each composition. After 28 days of curing prismatic samples were dried
and, after that, progressively flooded with water. Subsequently mortar samples were weighed

1396

Kalina B. Grabowska and Marcin Koniorczyk

every 24 hours until constant weight was received. The addition of silane admixture and 2% of
PDMS admixture decrease significantly absorbability. Lower values was observed for silane.
Table 3. Results of absorbabilty test of hydrophobized cement mortar.

Water repellent agent

Amount

Absorbability

Reference

0%

7.6%

1%

3.9%

2%

2.3%

3%

2.2%

1%

6.3%

2%

3.7%

3%

6.5%

OTES

PDMS

4.3 Capillary Water Absorption Test
One of the most common tests to show hydrophobic effect is capillary water absorption test.
Table 4 presents the results taken over three halved, prismatic samples (six in total). Test was
carried out according to PN-EN 1015-18. After 28 days of curing mortar samples were dried at
80oC. Thereafter sealing material was applied on the side surfaces of mortar specimens (40 x
80 mm). Mortar prisms were vertically immersed in water to a depth of 1 cm and weighed after
10 min, 30 min, 60 min, 90 min, 2h, 3h, 4h and 24h. Both used admixtures decrease capillary
water absorption coefficient. Lower values were observed for silane.
Table 4. Results of capillary water absorption test of hydrophobized cement mortar.

Water repellent
agent

Amount

Capillary water absorption
coefficient,

Reference

0%

0.206

OTES

PDMS

𝒌𝒌𝒌𝒌
𝒎𝒎𝟐𝟐 ∗ 𝒎𝒎𝒎𝒎𝒎𝒎𝟎𝟎,𝟓𝟓

1%

0.042

2%

0.023

3%

0.020

1%

0.115

2%

0.106

3%

0.098
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Reference
sample
1%PDMS

12

2%PDMS

10

3%PDMS
1%OTES

∆m [g]

8

2%OTES
3%OTES

6
4
2
0

0

10

20

√t [min]

30

40

Figure 3. Mass changes of cement mortar samples during capillary water absorption test.

4.4 Heat of Hydration
The heat of hydration of cement paste with organosilicon admixtures was measured. The w/c
ratio was 0.5 and the Portland Cement 42.5 R was used. Test was carried out in an isothermal
calorimeter TAM Air, at temperature T=20°C. The heat was measured during 7 days for each
sample. Two samples were analyzed for each composition of cement paste. 1%, 2% or 3% of
organosilicon admixture was added per cement mass. The heat of hydration after 41 hours is
shown in Table 5.
Table 5. Influence of organosilicon admixtures on heat of hydration.

Water repellent agent
Reference
OTES

PDMS
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Amount of
admixture

Average hydration
heat after 41 h [J/g]

0%
1%
2%
3%
1%
2%
3%

217.25
180.00
157.78
149.12
187.10
199.70
182.05
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5 Discussion
The presented test results unequivocally demonstrate the interaction between used admixtures
and the cement matrix. Both admixtures gave a visible hydrophobic effect. The addition of
admixture based on PDMS successfully reduces capillary water absorption. For reference
sample capillary water absorption coefficient was 0.21 kg/(m2*min0.5) and 0.098
kg/(m2*min0.5) for cement mortar containing 3% of PDMS admixture. Absorbability of
hydrophobized cement mortar decrease to 3.7% from 7.6%. As it was shown in Table 5
poly(dimethylsiloxane) also interacts with Portland cement. The heat of hydration of Portland
cement decrease from 217,25 J/g to 182,05 J/g. Even better hydrophobic results in reducing
capillary water absorption and absorbability were obtained for the second admixture based on
triethoxy(octyl)silane. This water-repellent agent decreases capillary water absorption by
almost 90% (from 0.21 kg/(m2*min0.5) to 0.02 kg/(m2*min0.5)) and reduce absorbability by 70%
(from 7.6% to 2.2%) at the maximum amount of admixture. Also, in case of silane admixtures
heat of hydration was reduced. The lowest value was obtained for 3% of OTES (149.12 J/g).
Unfortunately, both admixtures decrease compressive strength of cement mortar. The largest
decreases in compressive strength were observed for the content of 3% of silicon-based
admixtures. PDMS admixture reduce mechanical strength of cement mortar by an average of
50% and OTES one only by 15%.
The present of non-polar such as methyl groups (-CH3) and octyl groups (-C8H17) attached
to the silicon atom provide desirable effect of internal hydrophobization of cement mortar. For
the same reason the compressive strength of cement mortar might have been decreased.
Changes in the heat release, during hydration process, indicate that the admixtures can bind to
the cement phases (alite, belite or tricalcium aluminate) making water-cement reaction more
difficult. This may cause incomplete hydration of the cement and thus a subsequent decrease in
strength.

6 Conclusions
From the obtained results obtained the following conclusions can be drawn:
- Internal hydrophobization by using organosilicon admixtures is possible, but it has its
own limitations. The hydrophobic effect depends on type of used organosilicon
compound.
- Both admixtures were recommended for internal hydrophobization of cementitious
materials by the producers. But treatment with triethoxy(octyl)silane gives better
hydrophobic effect than poly(dimethylsiloxane) by reducing the capillary water
coefficient by 90%.
- Both admixtures decrease in compressive strength, but OTES based admixture reduce
it by 15% and PDMS one by up to 50%.
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As a conclusion, it can be said that triethoxy(octyl)silane is an efficient water-repellent agent
for cementitious materials. However, the first results are very promising, but this issue still
requires more studies. Especially when it comes to mechanical properties.
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Abstract. The environment in which the concrete structure is inserted has a great influence on its
durability and its service life. Thus, the present work aims to study of the performance of 5 types of
concretes of same compressive strength (35 MPa at the age of 28 days) and considers kinetic and
thermodynamic aspects of the corrosion induced by chlorides. The 5 types of concretes studied were
produced with the use of mineral additions in partial replacement on cement mass (10% of silica fume,
30% of fly ash and 20% of metakaolin), besides the control situation (without mineral addition). The
water-to-cementitious materials ratio was different for the concretes ranging from 0.30 to 0.55.
Specifically, for the concrete with fly ash, two water/binder ratios were studied (0.30 and 0.40) with the
goal of verifying if there are or not significant differences on properties of corrosion with little change
of water quantity in the mix. The chloride attack consisted by 308 days (44 weekly cycles) in immersion
in aggressive solution rich in chlorides and subsequent drying in a laboratory environment. During this
period, the corrosion potentials (Ecorr) and corrosion rate (icorr) from polarization resistance (Rp) of steel
bars were monitored. As a general result, it was possible to compare the performance of concretes at
the same class of compressive strength to denote which systems have the longest durability in view of
attack by chloride. The results have shown that the concretes produced with mineral additions did not
show steel bar corrosion, thus configuring major service life for them. Control concrete presented
depassivation of reinforcing steel, Ecorr more electronegative and higher icorr over time.
Keywords: Concrete, Mineral Additions, Chlorides, Corrosion, Durability.

1 Introduction
Brazilian energy matrix is composed of approximately 60.8% of hydroelectric power plants that
have vulnerability in periods of drought (Gomes et al., 2019). The energy policy covers tax
incentives for the generation of energy from alternative sources, such as wind energy that shows
its low environmental impact, low gas emissions and towers deployment.
The Brazilian northeast region was the first to house these wind farms in the country and a
large number of towers are being deployed in these coastal. The wind potential of other regions
of the country has been studied. In these wind farms, the base of the wind towers is made of
reinforced concrete and both humidity and chloride ions may be present. This combination is
extremely deleterious for concrete, since chloride ions, when in critical concentration level near
the reinforcement, they can trigger the corrosion process.
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For preventing corrosion at the base of wind towers, concrete of high performance can be
designed. The concrete improved composition makes difficult for aggressive agents to enter
from exterior to its internal structure, increasing the material's service life, safety and durability
and reducing maintenance costs (Oliveira and Cascudo, 2018).
In this sense, concretes of the same strength class, with or without supplementary materials,
can have different durability and service life, when exposed to harsh environments, especially
containing chlorides. The use of supplementary materials, i.e. mineral additions in the
composition of concretes and their benefits, has been extensively studied in recent years by
literature (Ferreira, 2003; Ramezamianpour et al., 2012; Figueiredo et al., 2014, Shi et al., 2017;
Rattanashotinunt et al., 2018). These materials can increase concrete durability making the
ingress of aggressive agents, such as chloride ions, more difficult. On the other hand, these
materials can also change the pH´s pore solution, leading to a reduction of its alkalinity, which
can make the steel bars in the concrete vulnerable to corrosion. However, among the mineral
additions, some of them may present better performance and increase the service life of the
structures, specially the so-called super pozzolans of high reactivity and fineness.
In Brazil, concretes are specified and purchased based on compressive strength, maximum
water/binder ratio and environmental aggressiveness class (ABNT NBR 6118: 2014). Thus, the
C35 compressive strength class is an intermediate class for most constructions and also meets
the construction of wind tower concrete bases.
The aim of the present paper is to evaluate the protection ability of concretes against the steel
bar corrosion. The compared concretes have the same compressive strength (C35 MPa) at the
age of 28 days and the same exposure condition in harsh environment, containing chlorides.
Concrete with fly ash (FA), silica fume (SF), metakaolin (Mk) and without mineral addition –
Control (CR) were studied. Additionally, for the concrete with fly ash, the influence of a
water/binder ratio also were measured (0.30 and 0.40). Thermodynamic (Ecorr) and kinetic (icorr)
parameters of reinforcement corrosion were evaluated.

2 Experimental Program
2.1. Materials
The concrete mix proportions were based on previous studies from the durability´s study group
of the Federal University of Goiás (Carasek and Cascudo, 2001; Ferreira, 2003). The
composition was a combination of Portland Brazilian cement (composed by 6–10% in mass of
limestone filler and by 90–94% of clinker – with a small amount of calcium sulfate), whose
mechanical strength requirement is a minimum of 32 MPa of compressive strength of the age
of 28 days – similar to European CEM II/A-L, mineral additions (silica fume, fly ash or
metakaolin), fine sand aggregate (river sand) and coarse aggregate (stone from mica schist
metamorphic rock), plasticizer, superplasticizer and tap water (potable water from the public
distribution network). In the concrete mixtures, 10%, 30% and 20% of cement (by weight) were
replaced by silica fume, fly ash and metakaolin, respectively. Furthermore, a control concrete
(without mineral additions) was studied.
The water-to-cementitious materials ratio was different for the concretes ranging from 0.30
to 0.55. However, all concretes showed compressive strength at the age of 28 days of 35 MPa.
Specifically, for the concrete with fly ash, two water/binder ratios were studied: 0.30 and 0.40.

1402

Andrielli Morais de Oliveira, Oswaldo Cascudo and Alexandre de Castro

Table 1 shows the compositions of the concretes and Table 2 shows the compressive strength
of concretes at the age of 7, 28 and 91 days. The slump test was fixed in (80±10) mm. Steel
bars with a nominal diameter of 10 mm (0.4 in.) were used to evaluate the corrosion.
Table 1. Composition of concretes used under this investigation.

Materials

Concretes*
Fly Ash

Control

Silica Fume

Portland cement (kg/m3)

552

331.2

525.0

487.5

294.4

Water/binder ratio

0.40

0.55

0.30

0.40

0.55

1.0:0.1:1.9:3.5

1:0.3:0.7:2.1

1:0.3:0.7:2.3

1:0.3:2.1:3.9

Mix Unit (kg)
1,0: 0.0:0.8:2.1
(cement: mineral addition: sand: stone)

Metakaolin

Plasticizer (%)

0.03

0.05

0.03

0.03

0.05

Superplasticizer (%)

0.00

0.15

0.08

0.01

0.00

*10%, 30% and 20% of cement (by weight) were replaced by silica fume, fly ash and metakaolin, respectively.

Table 2. Average of compressive strength of concretes studied at the ages of 7, 28 and 91 days.

Age (days)

Average compressive strength and water/binder ratio
Control
Silica Fume
Fly Ash
Metakaolin
0.40

0.55

0.30

0.40

0.55

7

27 (0.8)

25 (0.4)

29 (1.0)

27 (0.1)

28 (1.3)

28

36 (1.4)

36 (0.4)

36 (1.9)

33 (1.4)

32 (1.3)

91
41 (0.3)
*Standard deviation is given in parentheses.

42 (0.6)

49 (0.9)

44 (1.8)

39 (1.7)

From Table 2, it was possible to observe that although all concretes have the same
mechanical strength at 28 and 91 days (except fly ash concretes at the age of 91 days, in which
their values of strength are slightly higher, in the order of 45 MPa to 50 MPa), they have
different microstructure and porosity characteristics. As the water/binder ratios are different
(among some of these concretes), the global porosity and the pore size distribution are, in fact,
different among them. This interferes with important aspects related to durability, such as:
interconnectivity and tortuosity of pores, in addition to the compactness characteristics of the
paste - aggregate interfacial transition zone (Oliveira and Cascudo, 2018). Although the
mechanical strengths are similar (premise of the present work), it is important to note that there
are different cementitious systems being compared.
The steel bar used in the specimens was of a single type, having been used a Brazilian CA50 carbon steel (for reinforced concrete structures). This steel meets the Brazilian standard of
steel for reinforced concrete structures (ABNT NBR 7480: 2007) and it featured a yield strength
higher than 500 MPa.
In order to standardize the surface conditions of the bars, they were initially chemical cleaned
using a solution of (Hexamethylenetetramine) (Figure 1a). The general appearance of steel bars
after chemical cleaning can be seen in Figure 1 (b). However, this procedure did not allow the
complete removal of visible oxides from the bars. So, it was necessary to perform a mechanical
cleaning performed with a circular brush attached to emery, as shown in Figure 1 (c). The
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appearance of the bars before and after mechanical cleaning can be seen in the Figure 1 (d).
Finally, the steel bars were identified (Figure 1 e). These bars had a total length of 15 cm (6 in.)
and they were partially inserted into of concrete´ specimens, constituting 2.5 cm (1 in.) of cover
thickness. Just a portion of steel, as showed Figure 1 (f) (5 cm = 2 in.) was exposed to corrosion
induced by chloride ions (Figure 1 f). The surface area of rebar exposed to corrosion was 12.88
cm2 (5.15 in2) (Figure 1 g).
Cubic concrete specimens of 1500 mm side were produced and they were reinforced with
four longitudinal rebars of 10 mm of nominal diameter. These test specimens were designed
for the electrochemical tests, while for the electrical resistivity test, the same cubic specimens
were used, but without steel bars. Oliveira and Cascudo (2018) used the same specimen shape.
After manufacturing, the test specimens were under cure for 28 days in a controlled room
(temperature of 22±2oC and a minimum relative humidity of 95%). Thereafter, the specimens
remained until the age of testing in the laboratory environment, which corresponded to the age
greater than 91 days.
a)

e)

b)

c)

f)

d)

g)

Figure 1. Preparation of steel bars: (a) chemical cleaning with
(Hexamethylenetetramine), (b) final appearance of the bars after chemical cleaning, c) mechanical cleaning, (d)
before and after mechanical cleaning, (e) bar identification, (f) bar ends wrapped with electrical tape and (g) bar
center detail (5 cm) ready to be placed in the molds.

2.2. Methods
The corrosion was induced by wet–dry cycles in NaCl solution (NaCl diluted to 5% by mass or
0.855 M). The weekly cycles were 2 days of partial immersion of the specimen until 15 cm of
its height in NaCl aggressive solution and subsequent drying during 5 days in a controlled
environment (40oC of temperature and 50 ± 5% of relative humidity).
The NaCl solution was replaced every four cycles (28 days) to facilitate aeration in a
sufficient level so that the corrosion could develop. Specimens were subjected to total of 44
cycles or 308 days of attack in aggressive solution containing chlorides. The definition of the
cycles was based on the studies of Cascudo (2000), considering the fact that concrete absorbs
water much faster than it loses (during drying), reason why it was adopted 2 days of wetting
and 5 days of drying. The importance of cycles to accelerate the phenomenon of corrosion was
explained by Oliveira and Cascudo (2018).
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The techniques of half-cell potential - Ecorr (ASTM C 876: 2015) and polarization resistance
(Rp) were used, the latter making it possible to estimate the instantaneous corrosion rate (icorr).
These electrochemical measurements were performed by means of a three-electrode
arrangement using a Voltalab 40 PGZ potentiostat, managed by Voltamaster software.
A working electrode (rebars embedded in concrete), a saturated calomel electrode – SCE (as
the reference electrode) and a counter electrode of stainless steel (externally in contact with one
of the faces of the concrete test specimen) were used connected to the potentiostat. In order to
avoid interferences from external electric field, the measuring set up (i.e. the concrete test
specimen with the 3 electrodes) were inserted inside a Faraday cage, where all the
electrochemical measurements were taken. The criteria of ASTM C 876: 2015 were considered
to evaluate the results of Ecorr (mV). These criteria consider that if Ecorr is more positive than 126 mV (SCE), the steel is passive and the probability of corrosion is smaller than 10%. Also,
if Ecorr is more negative than -276 mV (SCE), they consider that active corrosion is developing.
Finally, there is a range of uncertainty with potentials between -126 mV and -276 mV (SCE).
From polarization resistance or linear polarization (Rp), it was possible to assess corrosion
current density (icorr). The Stern–Geary equation (Equation 1) and the proportionality factor (B
Stern-Geary constant) were used.
(1)

icorr = B/Rp

It was adopted a value of 26 mV for corroding steel and a value of 52 mV for passive steel,
as established by Andrade and Alonso (2001). The criteria were adopted, which associate
corrosion rates with the intensity of corrosion on corrosion levels.

3 Results and Discussion
Figure 2 (a and b) shows Ecorr and icorr against the number of cycles, respectively. The results
are the average results of 4 rebars for each type of concrete. Table 3 shows the magnitude of
the corrosion potentials for the studied concretes.
a)

b)

High degree of corrosion

Moderate corrosion
-126 mV

Low corrosion
-276 mV

Figure 2. Influence of the type of concrete in terms of initiation and propagation of corrosion induced by
chlorides on the concretes performance: representative curves of (a) E corr (SCE) and (b) icorr versus attack time by
chlorides (number of wet-dry cycles in NaCl solution) according to ASTM (ASTM C 876: 2015) and Andrade
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and Alonso (2001) criteria, respectively.
Table 3. Magnitude and average of Ecorr during the 44 cycles of immersion in aggressive chloride-containing
solution.

Concretes
CR

Partial
Probability of
replacement
Ecorr –
corrosion Water/binder
of cement,
magnitude*
Criteria of
ratio
by weight
(mV)
ASTM C 876
(%)
(ASTM, 2015)
0
0.40
-311
> 90%

SF

10

FA

30

MK

20

0.55
0.30
0.40
0.55

-291
-157
-98
-231

> 90%
Uncertain
< 10%
Uncertain

-199

Time for
depassivation
of reinforcing
steel
(cycles)
28

-192
-51
-42
-90

No**
No***
No***
No***

Ecorr average
(mV)

* Magnitude in the table means the maximum individual value obtained. ** There were no signs of depassivation of
reinforcement. *** This concrete meets the criterion adopted to define the depassivation of reinforcement and is in the
uncertainty range regarding the probability of corrosion. The kinetic aspects can confirm if the reinforced is really depassivated.

From the Figure 2 and Table 3, for concretes with the same compressive strength (35 MPa),
it is clear the beneficial effect that the supplementary cementitious materials – SCMs (mineral
additions) provide to the concretes, regardless of the water/binder ratio, promoting significantly
more electropositive corrosion potential values in relation to the reference concretes. Thus, it
can be seen that the control concrete, compared to the concretes with SCMs, exhibit a greater
tendency to the depassivation of reinforcement when inserted in environments containing
chloride ions. Silica fume, contrary to expectations, did not achieve the best corrosion potential
performance. These results are in accordance with the literature (Andrade and Buják, 2013; Jin
et al., 2017).
It is worth mentioning the good performance of fly ash concretes, with behaviors close to
concrete with metakaolin. The silica fume concrete did not present a good performance
regarding Ecorr, and the lowest performance was presented by the control concrete. Thus, the
effectiveness of SCMs in physically and chemically protecting the rebar keeping it passivated
as long as possible became evident. This result is important because even though the corrosion
induction method used in this work is accelerated, it reports the time until the depassivation of
reinforcement, which means that, comparatively, there is a very significant response concerning
the differences in performance of the various concretes analyzed (in terms of their actual
expectations of durability). Only control concrete gave unequivocal evidence of reinforcement
depassivation over the 44 attack cycles. With the exception of the silica fume concrete, the other
concretes with mineral additions presented regions with low probability of corrosion or
uncertain probability. The Ecorr average values for metakaolin (water/binder ratio of 0.55) and
fly ash (w/b = 0.3) concretes were similar. This evidences the overperformance of metakaolin
as a mineral addition, since the difference in terms of w/b ratios for these two concretes is very
high.
The silica fume concrete showed Ecorr magnitude more negative and an indication of active
corrosion after some few cycles. In spite of this behavior, the silica fume system did not
evidence active corrosion in the period of test, based on icorr results (corrosion rates obtained by
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determining Rp). This can be seen in Figure 2b. This apparently different behavior for concrete
with silica fume regarding the values of Ecorr (compared to the concretes with metakaolin and
fly ash) certainly reproduces some level of perturbation at the steel–concrete interface in terms
of the passive layer (Oliveira and Cascudo, 2018). Probably due to local pH changes (because
pore solution is different in silica fume modified systems), it is possible that thermodynamic
changes occur at the interface, with changes in the state of electric charges on the electrode
(reinforcement), perceived by drops in potential values (to more electronegative values).
Finally, the control concrete showed increase of values of icorr (corrosion rates) in the
beginning of dry-wet cycles. This denotes reduction of service life and durability. For the silica
fume concrete, in terms of the corrosion rates, there was no increase in icorr values over time, as
well as there was no indication of depassivation of steel or significant corrosion for these
concretes, within the test period. Thus, despite the negative Ecorr values, there seems to be no
depassivation and active corrosion in concrete with silica fume.

4

Conclusions

The following conclusions can be drawn from the present paper:
- More than one technique is important to diagnose the condition of the reinforcement
and to assess the protection capacity of concrete.
- Control´s concrete protected less the steel bar against corrosion induced by chlorides,
indicating Ecorr more negatives and higher corrosion rates (icorr).
- According to Ecorr values, the concretes with mineral additions have showed similar
performance among them (the silica fume concrete initially showed doubt, but later it
was confirmed that there was no corrosion) and significantly better behaviors compared
to control concrete.
- All concretes with mineral additions have not presented significant corrosion induced
by chlorides for the 44 cycles (or 308 days - analyzed period).
- The influence of the small change in water/binder ratio on fly ash concretes was not
significant, both for Ecorr and icorr.
- Metakaolin showed high performance as a supplementary cementitious material, even
in a higher water/binder ratio.
- Among the concretes studied, those with mineral additions had higher durability and
thus major service life.
Acknowledgements
The authors acknowledgement Eletrobras Furnas Company and the ANEEL – Agência Nacional de Energia
Elétrica (National Electric Energy Agency - ANEEL).
ORCID
Andrielli Morais de Oliveira: https://orcid.org/0000-0001-8977-785X
Oswaldo Cascudo: https://orcid.org/0000-0003-1879-6396
Alexandre de Castro https://orcid.org/0000-0001-5089-9788
References
American Society For Testing And Materials. (2015). ASTM C 876: Standard Test Method for Half-Cell Potentials
Of Uncoated Reinforcing Steel In Concrete, Annual Books of ASTM Standards, Philadelphia, 03 (02).

1407

Andrielli Morais de Oliveira, Oswaldo Cascudo and Alexandre de Castro
Andrade, C. and Alonso, C. (2001). On-site measurements of corrosion rate of reinforcements, Construction and
Building Materials, 15, 141–145. https://doi.org/10.1016/S0950-0618(00)00063-5
Andrade, C. and Buják R. (2013). Effects of some mineral additions to Portland cement on reinforcement
corrosion, Cem. Concr. Res. 53, 59–67. https://doi.org/10.1016/j.cemconres.2013.06.004
Brazilian Standard NBR 6118 (2014). Design of concrete structures: procedure. Associação Brasileira de Normas
Técnicas (ABNT) (in portuguese).
Brazilian Standard NBR 7480 (2007). Design of concrete structures: procedure. Associação Brasileira de Normas
Técnicas (ABNT) (in portuguese).
Carasek, H. and Cascudo, O. (2001). Integrated design: characteristics of concrete cover and its role in the
durability of reinforced concrete structures (in portuguese). Goiânia, Brazil (research project)
Cascudo, O. (2000). Influence of the characteristics of carbon steel intended for use as reinforcement for
reinforced concrete in corrosion behavior (in portuguese). PhD thesis – Polytechnic School, University of São
Paulo, São Paulo, Brazil.
Ferreira, R.B. (2003). Influence of mineral additions on the characteristics of cover concrete and its effect on
chloride-induced reinforcement corrosion (in portuguese). Master’s Dissertation – Master’s Course of the
School of Civil Engineering, Federal University of Goias, Goiania, Brazil.
Figueiredo, C.P., Santos, F.B., O. Cascudo, H. Carasek, P. Cachim and A. Velosa (2014). The role of metakaolin
in the protection of concrete against the deleterious action of chlorides, Revista IBRACON de Estruturas e
Materiais, 7, 685–708. https://doi.org/10.1590/S1983-41952014000400008 (in portuguese).
Gomes, M. S.de S., Paiva, J.M.F., Moris, V.A.S. and Nunes A.O.N. (2019). Proposal of a methodology to use
offshore wind energy on the southeast coast of Brazil.
Energy, 185 (15), 327-336.
doi.org/10.1016/j.energy.2019.07.057.
Jin, M., Jiang, L. and Zhu, Q. (2017). Monitoring chloride ion penetration in concrete with different mineral
admixtures based on embedded chloride ion selective electrodes, Construction and Building Materials, 143,
1–15. doi.org/10.1016/j.conbuildmat.2017.03.131
Oliveira, A. M. and Cascudo, O. (2018). Effect of mineral additions incorporated in concrete on thermodynamic
and kinetic parameters of chloride-induced reinforcement corrosion. Construction and Building Materials, 192,
467 – 477. doi.org/10.1016/j.conbuildmat.2018.10.100
Ramezanianpour, A.A.A. and Bahrami Jovein, H. (2012). Influence of metakaolin as supplementary cementing
material on strength and durability of concretes, Construction and Building Materials, 30, 470–479.
doi:10.1016/j.conbuildmat.2011.12.050.
Rattanashotinunt, C., Tangchirapat, W., Jaturapitakkul, C., Cheewaket, T. and Chindaprasirt, P. (2018).
Investigation on the strength, chloride migration, and water permeability of eco-friendly concretes from
industrial
by-product
materials,
Journal
Clean
Production,
172,
1691–1698.
doi:10.1016/J.JCLEPRO.2017.12.044.
Shi, Z., Geiker, M.R. ., De Weerdt, K., . Østnor, T.A, Lothenbach,
B. ., Winnefeld, F. and Skibsted, J.
(2017). Role of calcium on chloride binding in hydrated Portland cement–metakaolin–limestone blends,
Cement and Concrete Research, 95, 205–216. doi.org/10.1016/j.cemconres.2017.02.003

1408

EvaluationNicolella,
Maurizio
of the Effects
Roberto
of Environmental
Landolfi and Alessio
Exposure
Pino
on the Performance Decay of ETICS

XV International Conference on Durability of Building Materials and Components
DBMC 2020, Barcelona
C. Serrat, J.R. Casas and V. Gibert (Eds)

Evaluation of the Effects of Environmental Exposure on the Performance
Decay of ETICS
Maurizio Nicolella1, Roberto Landolfi2 and Alessio Pino3
1

University of Naples Federico II, Department of Civil, Architectural and Environmental
Engineering, Piazzale Vincenzo Tecchio, 80, 80125 Naples, Italy, maurizio.nicolella@unina.it
2

University of Naples Federico II, Department of Civil, Architectural and Environmental
Engineering, Piazzale Vincenzo Tecchio, 80, 80125 Naples, Italy, roberto.landolfi@unina.it
3

University of Naples Federico II, Department of Civil, Architectural and Environmental
Engineering, Piazzale Vincenzo Tecchio, 80, 80125 Naples, Italy, alessio_pino@hotmail.it
Abstract. The performance decay of a building component is influenced by a huge variety of
parameters, interacting between them and determining different results in terms of service life and
performance over time. For this reason, evaluating and modeling the performance of a component
requires the comprehension of the way and the measure the single factors affect it, and turning this
into an analytical model is a very complex operation. Moreover, components of existing buildings are
subjected to an additional incognita: the characteristics and the durability of the materials, which is
hardly a certain information, and can vary between similar buildings, affecting the accuracy of the
evaluation. This study, conducted according to the guidelines of ISO 15686:7 code, investigates on a
common solution for interventions on existing buildings, the ETICS, surveying their current
performance degree through thermographic camera tests. The aim is to appreciate the difference in
the performance decay between different façades of the same building – a homogeneity that allows to
estimate this parameter alone - in order to reach an analytical expression of the variation of
performance decay according to the difference in the exposure. The sample is constituted by buildings
of large dimensions and well-known original projects and details of successive interventions, located
in the city of Naples. The data obtained with in-field measurements were subjected to statistical
analysis, to allow the quantitative determination of the impact of this parameter.
Keywords: Durability, ETICS, in-field Measurement.

1 Introduction and State of the Art
In the last decades, together with the acknowledgement of the necessity to plan the
maintenance of a building in advance, an increasingly higher importance has been given to the
role of the comprehension of the dynamics of performance decay of building materials and
components. In fact, knowing the trends and the times of performance decay is a required
item, in order to predict the performance levels that will be reached through time, according to
which maintenance interventions can be chosen.
Since diseconomies in terms of maintenance choices evidently lead to a waste of resources,
the consequences of a scarce knowledge about the performance decay of components rapidly
produce effects on the aspects of sustainability and energy consumption, which is a critical
topic in the current situation of the construction industry. Despite that, accomplishing a high
level of detail in the understanding of the processes that determine the performance decay of
building components is definitely not an easy task. On one hand there are the intrinsic
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characteristics of the materials, which can also be determined through laboratory tests which
simulate the passing of time (i.e. accelerated aging tests), but on the other hand the actual inuse condition of building components has several possible variations: the micro-context, and
macro-context of the building, the compatibility with other components, and many more. This
evidence is also embodied in the structure of the Factor Method, which attributes a separate
weight for the external and internal environment.
It seemed interesting to refer to a specific component for which the environmental impact
of the maintenance activity has been emphasized (Minarovičová, 2015), that is used to
produce benefits in terms of durability of the system, and improvement of thermal – so,
energy – performance: the ETICS or External Thermal Insulation Composite Systems.
They consist in an insulation board bonded onto a new or existing masonry or concrete
wall, and mechanically fixed with anchors. The insulation board is then protected by a base
coat, usually 3-4 mm thick, made of the cement mortar with resin used as adhesive, but
reinforced with a glass fibre mesh. Onto the base coat a 'key coat', or primer, is applied, and
then the finishing, which is usually a thick (1.5-2 mm) top coat. This technology is very
common all over Europe, thanks to its low cost and the possibility it offers to accomplish a
very good improvement of the thermal properties of the building envelope.
The research investigates the variation of the trend of its performance decay according to
the environmental exposure, and in particular the cardinal exposure: considering that very
often it is applied on the whole surface of buildings, then the differences in the behavior of the
ETICS on the single façades are an interesting item.
This kind of solution is defined in UNI/TR 11715 code, “Thermal insulation products for
buildings - Design and in-situ installation of External thermal insulation composite systems
with renders (ETICS)”, and its aspects related to durability have attracted a strong interest, in
the field of research. The most part of the experimentations has focused on laboratory tests,
making use of climatic chambers by simulating the aging process through specific cycles,
among which the first attempts were performed by Daniotti and Paolini (2005), who realized
qualitative comparisons between the durability of different solutions of ETICS, without
developing re-scaling factors to relate it to natural time. In the same year, Bochen et al.,
(2005) performed other climatic chamber tests, also determining the equivalence to natural
aging. Years later, Griciuté et al., (2013) made more experimentations involving the
accelerated ageing of ETICS.
Other researchers investigated specific aspects of the durability of ETICS, among which
Topcu and Merkel (2008), who focused on the moisture absorption, Künzel and Zirkelbach
(2008), who studied the influence of rain water leakage on the hygrothermal performance of
ETICS. There has been, in general, a much higher number of laboratory experimentations
than field tests, including computational and theoretical modelling of the durability of this
solution, such as the computational analysis performed by Koči et al., (2012) and the multiphysics modelling by Daniotti et al., (2014). On the other hand, there has been a much lower,
and more recent, number of field researches on the durability of ETICS, realized by De
Freitas (2016) and Kvande (2018). In these and other cases, little use of the thermographic
camera has been noticed.
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2 Materials and Methods
The investigated solution of ETICS has the following structure:
- skim “Klebocem”, width 0.5 cm;
- SK insulating panel “Stiferite”, width 4 cm;
- mechanical anchors in PVC, 2 per m2;
- primer “Klebocem”;
- glass fiber mesh, width 0.3 cm;
- primer “Klebocem”;
- colored top coat “Rivaton”, width 0.2-0.3 cm.
The research has been carried out as a thermographic and photographic analysis on ten
buildings in Naples, Italy – in Via Attila Sallustro - which have been built in 2012-2013. They
are all buildings in reinforced concrete, consisting of seven floors and a total lateral surface,
constituted by hollow bricks and ETICS, of 25000 m2. The device used for the thermographic
survey was a thermographic camera IR FLIR 250T, and the output consisted in a total of sixty
thermographic pictures, taken from the ground level, which show several relative differences
in the superficial temperature, highlighting phenomena of detachment which could not, in
most of the cases, be noticed by simple visual inspection. The individuation of the
performance level of the various parts of the building followed the procedure suggested in
ISO 15686-7 code.
Also, in accordance with the recommendations from UNI EN ISO 4628-1 code, it is
necessary to define performance degrees as numbers from 1 to 5, detailed in Table 1, in order
to attribute quantitative scores to each of the thermographic and photographic frames, which
represent the in-use condition that they display.
Table 1. Performance degrees for the in-use conditions of the ETICS.

Degree
1

Type of symptoms
No symptoms

2

Slight symptoms

3

Medium symptoms

4
5

Strong symptoms
Totally unacceptable

In-use condition of the ETICS
No performance decay
Cracking and blistering phenomena on the
surface (millimetrical size)
Macro-cracking and macro-blistering
phenomena on the surface (centimetrical size)
Slight detachment of the panels
Partial/total detachment of the panels

The definition of the performance degrees displays two typologies of anomalies: the “slight
symptoms” and the “medium symptoms” refer to the finishing layers, which have a basically
protective performance and effect on the panels, while the “strong symptoms” and the “totally
unacceptable” state are related to the panels themselves, and therefore have a much stronger
significance in terms of performance decay of the ETICS.
In several cases, the thermographic frames show thermal gradients – caused by
detachments - also in locations where no performance decay is visible by sight and by
photographic frames, nor is related to an anomaly in the superficial layers, as acknowledged
through tactile contact: this means that their origin has to be linked to an anomaly in the inner
layers, presumably the panels themselves.
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Figure 1 shows the distribution of the optical cones of the thermographic and photographic
frames, numbered from 1 to 17; for each of them, 3-5 shots have been taken.

Figure 1. Distribution of the optical cones of the thermographic and photographic frames.

The photographic survey shows that the main typology of anomalies consist in crossshaped cracks in correspondence of some mechanical anchors, and in the form of horizontal
lines, in correspondence of the contact between two adjacent panels, as shown in Figure 2.

Figure 2. Photographic frames: a) cross-shaped crack in correspondence of a mechanical anchor; b) line-shaped
crack in correspondence of the contact between two adjacent panels.

Thermographic frames show color – corresponding to temperature – variations both in the
shape of lines, which confirm the detachment revealed by the photographic information, and
in the form of diffuse areas, as in Figure 3.
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Figure 3. Thermographic frames: a) horizontal line at different temperature; b) diffuse thermal gradient on the
surface.

3 Results and Discussion
A score between 1 and 5 was attributed to each of the photographic and thermographic
frames, according to the typology and distribution of decay; the score of 5, corresponding to
an unacceptable performance, was never attributed. Then, statistical analysis were performed
on the sample, leading to the Gauss distribution shown in Figure 4.

Figure 4. Gauss distribution of the state of decay of the ETICS in the experimentation, measured in the
performance degrees of Table 1.

The mean value of the performance decay is equal to 1.74, while the standard deviation is
1.28. The result seems coherent with the age of the sample buildings, and is strongly
dependent on the output of the thermographic survey. In fact, as it was partially pointed out in
the previous paragraphs, several areas did not present any visible – nor sensible - decay in the
external layers, but the thermographic frames showed a thermal gradient, which had to be
related to a detachment of the panels, signalling a more consistent state of decay.
In order to break down the obtained data, it was chosen to perform also separate analyses
by dividing the output according to the cardinal direction of the façades. This led to four
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different gauss distributions, respectively for the main cardinal directions of the building: ENE, N-NW, W-SW and S-SE, reported in Figure 5.

Figure 5. Gauss distribution of the state of decay of the ETICS in the experimentation for each cardinal
exposure, with the detail of mean value (μ) and standard deviation (σ).

It can be noticed that, differentiating the analysis on the single façades, the results
generally become more accurate: in 3 cases out of 4, the deviation is lower than in the
analysis on the whole surface. Moreover, it emerges that values of higher decay correspond to
the W-SW façade, while the other cardinal exposures have better performances. Since there is
a higher frequency of detachment of panels, associated with higher performance degrees, this
is also probably the reason behind the higher deviation.
The more negative value of performance decay in the W-SW direction seems particularly
strong, reaching a ratio of 1.5-1.8 with the values in the other directions. Qualitatively, this
phenomenon could be explained in relation to the less favorable conditions that insist on this
façade, in particular solar exposure.

4 Conclusions
As for many materials in the sector of building constructions, the large use of ETICS in the
current building industry does not find its counterpart in a sufficient quantity of field
experimentations, compared to the notable number of theoretical models and laboratory tests;
considering the complexity of the factors that influence this aspect in relation to the context, it
is certainly necessary to encourage a more frequent use of field experimentations to enrich the
database concerning the states of decay.
The aim of the experimentation carried out in this work was not to try to produce a relation
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between time and decay, as the collected data only refer to a single year, then it is not realistic
to hypothesize a trend on its base, but rather the focus was on two significant aspects:
- the opportunities to make use of different tools and instruments for the monitoring activity,
questioning their utility and the typology and level of information that they can provide;
- the qualitative differences that may exist in the decay of the same component, as a
consequence of the variation of micro-contextual aspects.
The first point clearly refers to the use of the thermographic camera, and surely this case
has provided a good proof of its peculiarities: incipient detachments between the panels could
be noticed only thanks to the use of this instrument, allowing a much clearer picture of the
state of decay; looking forward to the availability of quantitative data about the evolution of
this anomaly, this is certainly an interesting information in the field of predictive
maintenance.
At the same time, it has to be noticed that thermographic surveys do not show the
dimension of the detachment, but only its existence; then, it is not possible to deduce the
entity of the reduction of the thermal performance that the ETICS have to provide. So, an
interesting development can be individuated in the possibility to link thermographic surveys
to partially destructive tests, aimed to ascertain the dimension of the detachment, associate it
to the output of the thermographic survey, and quantitatively determine its influence on the
thermal performance of the ETICS.
Concerning the second aspect, the strong difference between the higher performance decay
observed on one of the façades (W-SW) and the one on the others (E-NE, N-NW and S-SE) is
certainly an interesting result, which is probably better not to refer yet to a single parameter,
as the solar exposure might be, but rather to consider as an item of future interest, in the
perspective of more detailed assessments of the weight of the micro-climatic factors that
influence the durability of the single components. On this side, for future experimentations, it
will be interesting to gather data from thermographic surveys on similar buildings in different
geographic locations, in order to evaluate the entity of the differential performance degree
with other climates. In this way, more light can be shed on the mechanism of the
environmental influence on the performance of ETICS, and of buildings components in
general.
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Abstract. Existing RC Buildings have some cracks and the repairing service might last the buildings
for long life. The durability of the RC component is evaluated by several ways as like as carbonation
resistance test, permeability test, water penetration test, and so on. Therefore, it need to be measured
how much advantage the concrete crack with repair have for the durability. The aim of this paper is to
study on advantage of repairing a crack of concrete to the carbonation resistance and the waterabsorbing property by the experimental way. The specimens were prepared in the following point. The
finishing (direct finishing and mortal tile finishing), crack width (0, 0.05, 0.5, and 2mm), and choice
repairing or not. All concrete specimens were formed 10 x 10 x 20cm and those W/C were 0.55. Then,
the specimens were tested by the accelerated carbonation. After 4, 8 and 26weeks accelerated
carbonation, the carbonation depth and the carbonation shape of the concretes were measured by 1%
phenolphthalein reaction. Also, the amount of absorbed water from the bottom were measured at 1, 3,
6, 24, 48, 72 and 168h. From the results, the carbonation went rapidly located in 2cm around the
crack in the case of the no-repair specimens, regardless of any finishing. But in the case of the
specimens repaired, it went evenly from the exposure side. And water absorbing test results show a
trend that water amount of the concrete with a crack more increase than one of the no-crack concrete.
Keywords: Concrete, Crack with Repair, Carbonation Resistance, Water Absorption.

1 Introduction
Existing RC buildings ordinary have some cracks. These expand air permeation and water
penetration (D. Breysee et al.,), which cause irregular carbonation (Xiao-Hui et al., 2018),
and rebar corrosions rapidly.
On the other hand, cracks of the reinforced concrete components sometimes have been
repaired, and that might last the buildings for long life.
And now, the durability of the reinforced concrete components is evaluated by several way
as like as the carbonation resistance test, the permeability test, the water penetration test, and
so on. Therefore, it need to be measured how much advantage the concrete crack with repair
have for the durability. The aim of this paper is to study on advantage of repairing a crack of
the concrete to the carbonation resistance and the water-absorbing property by the
experimental way.

doi:10.23967/dbmc.2020.066
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2 Specimens
2.1 Specimens Type
Table. 1 shows specimen type. 2piece of each type specimens were prepared. 10 x 10 x 20 cm
rectangular column concretes were made. Many have a man-made crack at the center of
oneself, and half of those were repaired.
Table 1. Specimen type.
No. Finishing

crack (mm)

Repair material

crack (mm)

Repair material

1

Direct finishing

-

-

8

Mortal tile

0.5

-

2

Direct finishing

0.5

-

9

Mortal tile

0.5

Soft epoxy resin
grouting

3

Direct finishing

0.5

4

Direct finishing

2

5

Direct finishing

2

6

Direct finishing

0.05

7

Direct finishing

Soft epoxy resin
grouting
U cut and filling with
sealing agent
-

No. Finishing

*1

10 Mortal tile

0.5

-

11 Mortal tile

2

-

12 Mortal tile

2

13 Mortal tile

-

U cut and filling with
sealing agent
-

Coating with flexible
*1 Motal tile have no crack but concrete 0.5mm
synthetic resin emulsion crack

0.05

2.2 Mix Proportion of Concrete
Table 2. shows the mix proportion of the concrete. Portland cement was used, and form off
3days after cast. Then, 20℃ RH 60 % air curing for not less than 28 days.
Table 2. Mix proportion.

SL
(mm)
18

W/C s/a
(%) (%)
55.0 45.8

BVg
(m3/m3)
0.59

W
180

C
S
(kg/m3)
327 793

G
961

2.3 Concrete Crack Width
The crack width of concrete were 0mm (no-crack), 0.05mm, 0.5mm, and 2mm. After air
curing of the concrete, bending the concrete and put ones together carefully so as to being
each crack wide. So, a man-made crack which pass through to another side was at the center
of the specimens. Mortal tile also have a crack in response to each concrete crack, except
No.10 in Table 1, which mortal tile have no-crack but concrete has a 0.5mm-wide-crack .
2.4 Finishing
Finishing type were direct finishing and mortal tile finishing. Making the mortal tile finishing,
2cm mortal were plastered after making concrete crack and cured for not less than 28days by
oneself. Except some specimens, mortal tile finishing also have a crack. The crack of mortar
bed were made by the way of putting a rubber in and remove it while mortar set. And, the tile
were cut ahead and put on mortar bed adjusting a crack.
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Figure 1. Cut directions after accelerated carbonation test.

Figure 2. Measurement spots on x-x’cut side.

2.5 Repair Materials and Methods
Used repair materials and methods were shown in table 1. These repair material and method
were select corresponding with the crack width. The soft epoxy resin grouting applied for
0.5mm crack, U cut and filling with the sealing agent applied for 2mm crack of either
finishing. Also, coating with the flexible synthetic resin emulsion were applied for 0.05mm
crack of direct finishing specimens.

3 Experiment
3.1 Accelerated Carbonation Test
The specimens were sealed with aluminium tape so that only the finishing face were exposure
in 20℃, RH60%, and CO2 5% room. And, the term of accelerated carbonation were 4, 8 and
26 weeks.
3.2 Measurement Carbonation Depth
After the accelerated carbonation, specimens were cut along x-x’, y-y’ and z-z’ directions as
Figure 1. by diamond cutter, and then solution of 1% phenolphthalein in water were sprayed.
Carbonation depths were measured at 5spots on y-y’ and z-z’ cut side. In case of x-x’ cut side,
9spots located in 10cm around the crack were measured as shown in Figure 2.
3.3 Water Absorption Test
After the curing and sealing, specimens were set on the water and measured the amount of the
absorbed water at 1, 3, 6h and 1, 2, 3, 7 days. Water were absorbed from the bottom of the
specimens.

4 Results and Discussion
4.1 Carbonation Depth on y-y’ and z-z’ Cut Side
This paragraph shows the results of the carbonation depth from exposure side on y-y’ and z-z’
cut side. Averaged value of y-y’ and z-z’ are shown.
4.1.1

The results of the no-repair case

Figure 3. shows the carbonation depth on y-y’ and z-z’ cut side of the no-repair case. In case
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(a)
Direct finishing
(b) Mortal tile finishing
Figure 3. The carbonation depth on y-y’ and z-z’ cut side of the no-repair case.

(a)

Direct finishing
(b) Mortal tile finishing
Figure 4. The carbonation depth on y-y’ and z-z’ cut side of the repair case.

of the direct finishing, the carbonation depth at 4, 8 and 26 weeks were 7～13mm, about
12mm, and 16 ～24mm respectively. Also, it were under 3mm, 4mm and 6mm respectively in
case of the mortal tile finishing.
4.1.2

The results of the repair case

Figure 4. shows the carbonation depth on y-y’ and z-z’ cut side of the repair case. Except
No.7, the carbonation depth at 4, 8 and 26 weeks were 10～12mm, 12～14mm and 18～23mm
respectively in case of the direct finishing, that was close to the results of the no-repair case.
Also, it were under 2mm, 3mm and 5mm respectively in case of the mortal tile finishing, that
was also close to the results of the no-repair case. Note, No.7 were coated at all face with the
flexible synthetic resin emulsion, so carbonation did not go.
4.1.3

Discussion

From the results in Figure 3. and Figure 4., the carbonation depth at each term were same,
regardless of repair or not. That shows the process of carbonation located on 5cm away from a
crack were not relate with a crack or repair.
Add to that, the mortal tile finishing have larger resistance for carbonation than the direct
finishing have, as well as the previous studies on preventive effect of finishing materials
against carbonation (Kono et al., 2008).
4.2 Carbonation Depth on x-x’ Cut Side
This paragraph shows the results of the carbonation depth from the exposure side on x-x’ cut
side. In the following figures, the symbol ‘Max’ means the maximum value in the 9 spots
results on x-x’ cut side as shown in Figure 2., the symbol ‘ave. of 2cm around crack’ means
average of the results of the spots of ④, ⑤, ⑥ in Figure 2., and the symbol ‘ave. of 10cm
around crack’ means average of 9 spots results.
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(a1) ‘Max’

(a2) ‘ave. of 2cm around a crack’
(a) Direct finishing

(a3) ‘ave. of 10cm around a crack’

(b1) ‘Max’

(b2) ‘ave. of 2cm around a crack’
(b3) ‘ave. of 10cm around a crack’
(b) Mortal tile finishing
Figure 5. The carbonation depth on x-x’ cut side of the no-repair case.

4.2.1

The results of the no-repair case

Figure 5. shows the carbonation depth on x-x’ cut side of the no-repair case. From the results
of ‘max’ of No.4 and No.6, the carbonation depth were about 20mm at 4weeks, that was twice
of the result of y-y’ and z-z’ cut side at Figure 3 (a). And the results at 8 and 26weeks were so
large as 30mm and 50mm. Also, the results of ‘ave. of 2cm around a crack’ of No.2, No.4,
and No.6 were about 15～20mm at 4weeks, that was about half time of the result of y-y’ and
z-z’ cut side. And No.2 at 26weeks were 100mm. Meanwhile, the result of No.1, which don’t
have cracks, at 4, 8 and 26weeks were about 10mm, 10mm and 20mm each, regardless of
‘Max’, ‘ave. of 2cm around crack’, and ‘ave. of 10cm around crack’, that was close to the
results of y-y’ and z-z’ cut side.
And then, focused on the mortal tile finishing specimens, the carbonation depth of No.8
‘Max’ at 4, 8 and 26 weeks were about 9mm, 12mm and 20mm, also that of No.8 ‘ave. of
2cm around a crack’ were 5mm, 7mm and 13mm, and also that of No.8 ‘ave. of 10cm around
a crack’ were 3mm, 3mm and 4mm respectively. Likewise, that of No.11-2 ‘Max’ at 4, 8 and
26 weeks were about 11mm, 14mm and 34mm, also that of No.11-2 ‘ave. of 2cm around a
crack’ were 9mm, 9mm and 20mm, and also that of No.11-2 ‘ave. of 10cm around a crack’
were 3mm, 3mm and 10mm respectively.
Both ‘Max’ and ‘ave. of 2cm around a crack’ results were more than double for that of y-y’
and z-z’ cut side as showed in Figure 3. So, these ‘Max’ and ‘ave. of 2cm around a crack’
results of x-x’ cut side were so larger than that of y-y’ and z-z’ cut side.
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(a1) ‘Max’

(a2) ‘ave. of 2cm around a crack’
(a) Direct finishing

(a3) ‘ave. of 10cm around a crack’

(b1) ‘Max’

(b2) ‘ave. of 2cm around a crack’
(b3) ‘ave. of 10cm around a crack’
(b) Mortal tile finishing
Figure 6. The carbonation depth on x-x’ cut side of the repair case.

And, results of ‘ave. of 10cm around a crack’ of x-x’ cut side were not differ greatly from
that of No.13 which have no crack as showed in Figure 3 (b). By the way, No.10 results show
that carbonation didn’t go at all as 0mm at 8weeks and 5mm at 26weeks, because this
specimen have a concrete crack but no crack of tile.
4.2.2

The results of the repair case

Figure 6. shows the carbonation depth on x-x’ cut side of the repair case. The ‘Max’ of No.3
and No.5 at 4, 8 and 26 weeks were about 13mm, 13mm and 23mm, also that of ‘ave. of 2cm
around a crack’ were about 11mm, 11mm and 18mm, and also that of ‘ave. of 10cm around a
crack’ were 11mm, 11mm and 20mm respectively. So, these have no difference in
measurement field. Add to that, these results were close to the results of No.1 (no-crack case)
as well as y-y’ and z-z’ cut side showed at Figure 4.
And, No.7 were coated at all face with the flexible synthetic resin emulsion, so carbonation
have not gone.
As an exception case, the results of No.11 which have 2mm-wide crack shows the
carbonation depth were small until 8weeks but it were large at 26weeks. Because of the repair
method that block up by buried only surface layer but the filling didn’t reach to deep part, the
carbonation went rapid where the filling didn’t reach.
And then, focused on the mortal tile finishing, the ‘Max’ of No.12 at 4, 8 and 26 weeks
were about 0mm, 8mm and 6mm, also that of ‘ave. of 2cm around a crack’ were 0mm, 3mm
and 4mm, and also, that of ‘ave. of 10cm around a crack’ were 0mm, 1mm and 2mm
respectively. And the carbonation depth of No.9 at 4, 8 and 26 weeks were under 2mm
regardless of the symbol. These were close to the results of the no-crack case as well as the
results of y-y’ and z-z’ cut side.
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(a1) 0.05mm-crack-wide

(b1) 0.5mm-crack-wide

(a2) 0.5mm-crack-wide
(a) Direct finishing

(a3) 2mm-crack-wide

(b2) 2mm-crack-wide
(b) Mortal tile finishing
Figure 7. The amount of absorbed water

4.2.3 Discussions
In the case of the no-repair, the carbonation went rapidly located in 2cm around the crack but
not rapidly at 10cm far from a crack, regardless of any finishing.
On the other side, the carbonation of the specimens repaired went evenly from the exposure
side and that were similarly to the no-crack case, although there is an exception.
From these, the repairing service have advantage of the carbonation resistance compared to
crack left case, though it is not confirmed durability of the repair materials in itself.
On a side note, the carbonation depth averaged located at 10cm around the crack of the norepair specimens were close to that of the area far from a crack, and close to the no-crack case.
It indicate that the influence of a crack appear little in large mass.
4.3 The Amount of Water by Absorption Test
Figure.7 shows the results of the amount of absorbed water from the bottom side. From the
results, the amount of absorbed water of the specimens having a crack were bigger than the
no-crack specimens. Also, those of the specimens repaired were smaller than that of the norepair, however there were exceptions.

5

Conclusions
-

The aim of this paper is to study on advantage of the repairing a crack of concrete for
the carbonation resistance and water absorption resistance by the experimental way.
Then, this paper shows the results of the accelerated carbonation test and water
absorption test. Prepared concrete specimens were distinguished as the finishing type,
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-

the crack width, taking repair or not, and the repair materials. The results in this study
indicate as following.
The mortal tile finishing have larger resistance to the carbonation than the direct
finishing have.
The carbonation went rapidly located in 2cm around the crack in the case of the norepair specimens, regardless of any finishing.
From the results of the repair case, the carbonation went evenly from the exposure side.
It was the same process as the no-crack case.
The amount of the absorbed water of the specimens having a crack were bigger than
the no-crack specimens, and some specimens repaired a crack were smaller than that
of the no-repair case.
Many repairing service have advantage of the carbonation resistance as well as water
absorption resistance compared to a crack left, though it is not confirmed durability of
the repair materials in itself.
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Abstract. Gold leaf Murano glass is a unique product that over the centuries, especially during
Byzantine period, has been used as facing forming big flat or curved mosaics that result in an
architecture full of light and symbolism. This product is presented in a format of squared piastras with
the same approximate dimensions that the gold leaves ones have (8x8 cm). Piastras are cut in smaller
squares (1-1,5cm) in order to obtain the tiles that form mosaic’s cladding. This cladding technique was
incorporated during Catalan Modernism. Through this technique, beautiful pieces of tesseras of gold
leaf Murano glass combined with others of opaline glass. In order to overcome the artistic challenges
from this architectural movement, new mosaics were placed outdoors in order to shine by the incident
sun beams and the square tiles were replaced by irregular tiles that form polygonal meshes capable of
coating double curvature surfaces with great elegance. This location and prolonged exposure to the
weather cause, over time, a deteriorated appearance, despite being composed of great resistant
materials such as gold and glass. Studies oriented to know the phenomenology of this deterioration are
being carried out and its impact on the expected durability of this coating. Being a handmade product
and completely manual execution, the first studies have aimed to identify the primary anomalies that
are originally generated in the different layers of this product at the time of manufacture, transport and
handling. Knowing these primary anomalies must allow to prevent their occurrence and reduce their
incidence in the manifestation of so-called secondary anomalies. All this in order to prolong the useful
life of this appreciated architectural cladding.
Keywords: Brightness, Mosaic, Modernism, Trencadís, Gold leaf Murano Glass, Alteration Patterns.

1 Introduction
Gold Leaf Murano glass consists of two external layers of different thickness and different
glasses and a thin inner layer of gold leaf inserted between both. The main purpose of this
product is to provide a glazed surface with the maximum brightness, colouring and texture.
These features are given by the gold leaf itself. The two layers of glass provide to the gold leaf
protection and transparency.
Gold is a ductile and soft material that does not corrode when it contacts with air. Gold it is
not reactive not toxic. In contrast, it is an excellent reflector of infrared radiation. It is also a
good heat absorber and it has a great capacity to reflect light. Within its chemical peculiarities,
it should be mentioned that gold is easily lacklustre by sulphur (lost of brightness), attacked by

doi:10.23967/dbmc.2020.237
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chlorin and for cyanide solutions in the presence of oxygen and insoluble in acids. Since gold
leaves are a handmade material, occasionally, their alloys are made with other metals to reduce
its cost and to obtain nuance variations in its colour appearance. Currently, there are different
active gold leaf Murano glass producers. This research has been carried out on piastras with
dimensions of 8x8cm, and with an approximate thickness of 6mm, without any treatment or
alteration, as delivered by the distributor. Samples of gold leaf Murano glass consist of a first
layer of transparent common glass of 6mm of thickness approximately (face A) + a gold leaf
layer with a thickness of between 0,1 and 0,001μm approximately + a transparent blown glass
with a thickness between 0,2mm and 0,5mm (face B), which is shown in the image 1.

(B) glass 1 (blown glas sor
cartellina)

B

(I) gold leaf sheet
(A) glass 2

Figure 1. Composition of a gold leaf Murano Glass piastra.
(source: authors).

2 Interpretation of the Manufacturing Process of Gold Leaf Murano Glass
Gold leaf Murano glass is made overlapping the different layers in succession and applying
final treatments to ensure the unity of the group.
2.1 Manufacturing Process of Gold Leaf Sheets
Although there are some small variations specific to each company at some point in the
production process, the following basic steps are followed in order to obtain the gold leaf:
1. Heavy: gold from other remains is weighed.
2. Melting: by melting, a ingot of approximately 1cm thick is obtained.
3. Laminate I: it is the first forming that is done by inserting the ingot between two horizontal
rollers. This process is done very slowly so as not to lose gold’s malleability.
4. Measurement and cut: a measure is made with a compass in order to know where to cut
the tapes that have already left the laminate. After this, the various plates are put together to
continue with the next step.
5. Laminate II: through this second lamination by other rollers flat pieces of 4x4 cm are
obtained.
6. Counterbalancing and cut: previously laminated the gold leaf sheets are counterbalanced
one on the other, in the middle of it, is bent perpendicularly with a wooden dowel and cut in
half. They are then counterbalanced and cut again, resulting in pieces of 2cm x 2cm.
From these pieces obtained from 2 cm x 2cm, hammering processes are applied with
different levels of force to progressively reduce the thickness of the sheets.
7. Step for devastate: The first step in achieving this part of the process is to reduce as much
as possible the humidity of the devastating device that will receive the gold, a process called
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the "preparing". Followed by this, the gold is loaded into the devastating and then the smoothing
process, which consists of constantly hitting the sheets while they are spinning. They are then
cut again into 4cm x 4cm sheets.
8. Movement of the brazed: the same steps of the previous process are performed again with
the aim of further reducing the thickness.
9. Movement of the mould: it is the final stage of hammering, in which it is sought that the
centre of the surface of the bread and the rest perimeter have the same thickness and not present
differential defects.
10. Transfer into books: it is the last step and consists of passing gold leaf sheets to white
silk paper books to preserve it from humidity. The usual final measurement of the surface of
the sheets is 8cm x 8cm.
During the manufacturing process of the gold leaf, the gold leaf may turn sour. This can
happen repeatedly. In that case, the gold loses malleability, so it has to be cooked again and a
resurrected is generated in which a greater molecular cohesion is created by which the gold
increases its density.
2.2 Manufacturing Process for Murano Gold Leaf Glass
The primary anomalies can occur in any of the different processes that are carried out for the
manufacture, transport and handling of the product so it is important to know the development
of each of the phases.
1. The production process of Murano gold leaf glass begins with the manufacture of
transparent blown glass balloons in order to obtain the minimum possible thickness, which are
then cut into square segments slightly larger than those of gold leaf and left to cool.
2. The gold leaf is then manually extracted from the books and also applied manually to
these glass segments.
3. The next step is the application of the thicker melting layer of transparent glass: the melted
glass is poured onto the exposed face of the gold leaf and reheated to the gold leaf and the fine
transparent base glass.
4. While the assembly is malleable, it is passed successively through several rollers to reduce
the thickness to the desired thickness (approximately 5.95 mm) and the flat shape.
5. The piastras thus formed are raised with pliers and rotated to allow the best integration of
the different layers.
6. Once the sheets of gold leaf are fully protected by both glasses, the whole is taken to the
oven with the aim of sealing and definitively joining the different layers.
7. The parts removed from the furnace are again passed through the rollers because, having
been subjected again to high temperatures, their thickness may have varied.
8. During the slow cooling, but even if the set is malleable, the pieces are cut again with the
measurements of the format of the gold leaf (8cm x 8cm).
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The product is stored until transport, the truck being the most common means of transport.
For this purpose, the pieces are grouped and packed in honeycomb plastic film to avoid any
possible external friction and are deposited inside boxes

3 Research Methodology
Since manufacturing is done by hand, this results in visually noticeable variations within the
same batch of product; is why this study has been carried out using a comparative methodology
of different samples in order to identify the most frequent anomalies. Similarly, this product is
not covered by any regularity and its characteristics must be assessed by assimilation with other
standards.
3.1 Scanning by Flat Scanner
Firstly, a cursory inspection of the parts was carried out, the parts were carefully washed and
numbered. The parts have subsequently been digitized on both sides by the use of the flat
scanner, obtaining digital images in .jpg. The use of the flat scanner model EPSON GT-15000
has proved to be the most efficient way of keeping a record and a detailed survey of all the
pieces studied. The stored digital images have not had any kind of digital processing or
subsequent manipulation.
The observation of this survey has confirmed that Murano gold leaf glass is a translucent
and heterogeneous product, characterized by the light and shadow contrasts generated by the
variation of the surface density between the different areas of the same sheet of gold leaf.
3.2 Visual-Instrumental Analysis Under Optical Microscope
Once those areas with unique features have been identified, these areas are inspected in greater
detail using the Dino-Lite AM41115T model digital optical microscope, a portable instrument
that allows in a very simple way to make a more detailed enlargement of the structure of these
singularities or anomalies. A first discrimination, thanks to the focusing capacity of this device,
is to identify in which of the different layers of the piece the alteration is manifested. Indirectly,
the position of the anomaly may indicate when the production process occurred.
For the development of this study, three types of zoom have been carried out, depending on
the face and the approach, in order to determine in which layer of the sample the anomaly is
located; if they are on the inside face of the glass (a)on the sheet of gold leaf (b) or on the outer
faces of protective glass (c):
- First, a 19X zoom was performed on side B (the smallest glass thickness) in order to
observe the anomalies between layers.
- The same procedure is carried out on side A, but this time a 20X zoom is used as a thicker
glass is being analysed and, Therefore, the focus for observing the golden material is at a greater
distance from the surface.
- The last increase is made to 160X on both sides since with this increase it is interesting to
analyse what is happening on the surface of the glasses.
Finally, these identified anomalies have been compiled in different groups, according to the
layers in which they manifest:
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- Group 1, anomalies located on the inside face of the glass (a) or on the sheet of gold leaf
(b) and
- Group 2, anomalies located on the outer faces of the protective glass (c).
Group 1 (a)(b)
Density variation

Smudges

Bubbles

Patches

Material lost

Striae

Shatters

Cracks

Figure 2. Alteration patterns in Group 1: On the inside face of the glass (a) or on the sheet of gold leaf (b).
(source: authors).
Group 2 (c)
Edges and corners lost

Stripping

Dirt and traces

Punctures

Scrapes

Identations

Shatters

Scratches

Figure 3. Alteration patterns in Group 2: On the outer faces of the protective glass (c).
(source: authors).
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3.3 Properties of Murano Glass Gold Leaf in Laboratory
In order to assess the durability of this product in a standardised way, a series of laboratory tests
have been carried out following the UNE-EN ISO 10545 regulation for ceramic tiles; This
decision was taken on the grounds that ceramic tiles are the alternative material most commonly
used in the Catalan Modernism trencadís exterior cladding.
The tests that have been carried out are: determination of water absorption, open porosity,
relative density and bulk density; determination of resistance to bending and breaking load;
determination of chemical resistance; Determination of stain resistance; Determination of
thermal shock resistance; Determination of surface abrasion resistance of enamelled tiles;
Determination of scratch hardness; Determination of linear thermal expansion and
Determination of freezing resistance. The 9 tests were carried out by a company specialising in
this field.
- After the test on five piastras for the determination of water absorption, open porosity,
relative and apparent density was obtained as a result of the mean values that the absorption of
water from gold leaf Murano glass is 0.01%, the apparent porosity of 0.02% and both the
relative and apparent density of 2,51 g/cm3, the common density of a glass.
- In order to determine the bending strength and the breaking load, seven samples were
submitted with an average breaking strength of 2262 N, a resistance similar to that of rustic
sandstone. While the maximum bending strength is 84.5 N/mm2, a value very close to the
strength of a tempered glass.
- The test for chemical resistance showed that Murano gold leaf glass did not leave visible
effects and therefore belongs to the first class: A, for resistance to cleaning products and pool
salts. Similarly, resistance to strong and weak concentrations of acids and bases gives it the first
class: HA and LA respectively.
- Three groups of 5 piastras have been subjected to different types of stains where it is found
that the resistance of the product to stains is the maximum as they are easily removed by hot
water.
- To determine the resistance to thermal coke, 5 piastras are subjected to 10 cycles of
temperature variation between 15ºC and 145ºC by immersion. From the second cycle the
product begins to crack and already in the third, pieces begin to fall off. The Murano glass of
gold leaf having a metallic element between its layers, possesses a cohesion that helps to keep
the whole together.
- The surface abrasion resistance test is evaluated by the PEI method (wet abrasion method)
which measures the surface wear resistance of tiles and is classified in 5 degrees, where class 5
corresponds to the highest resistance. After the tests carried out on the samples, a result is given
where the product corresponds to class 2 where the visible effects start to appear from 600
revolutions.
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- For the determination of scratch resistance, the Mohs scale is used which, although already
out of print, is not yet available for the determination of this type of test. After testing according
to the Mohs scale, gold leaf Murano glass belongs to hardness 4, that is to the mineral: fluorite.
A result far below the classification of glass strength.
- The results of the test to determine the resistance to linear thermal expansion, conclude
with a variation of the expansion of the material with respect to the origin of 7,4x10-6/ºC in
longitudinal direction and 7,6x10-6/ºC in a transverse direction, a result that is not significant.
- Finally. The test carried out to determine the resistance to frost results in 0% absorption
and no defects.

4

Conclusions
-

-

From the moment of its production, gold leaf Murano glass already presents substantial
anomalies that can alter its future behaviour and durability.
The manufacture and treatment of this product in its early stages should be more careful
to reduce the risk of the occurrence of primary abnormalities which may be a risk factor
for accelerating the occurrence of secondary abnormalities.
The control of primary anomalies should not be to the detriment of the visual markings
of this product.
The first tests carried out in the laboratory indicate the appropriate quality of the glass
and confirm some initial forecasts such as its weakness in the face of thermal shock or
its low surface hardness.
The durability of the product therefore falls heavily on the gold leaf itself; this stability
will depend strongly on the perimeter sealing of the edges and the polluting products
that can be introduced between the two glasses, during the manufacturing process (dust,
gases, moisture, etc.), and on the rough surface of the gold leaf.
There is not an adequate regulation for testing resistance to gold leaf Murano glass as
the tests currently applied are governed by the characteristics of a very different product
(ceramic tile) and, a more suitable element such as the case of a mirror, it lacks tests in
the regulation that applies to it.
The evaluation of the durability of this product according to the standard product of the
flat glass industry, which is the mirror, has been pending for future research. The
standard UNE-EN 1036 Silver-coated glass mirrors for internal use, even if it is
confined to indoor situations, includes some environmental actions such as humidity
and temperature in bathrooms. The conventional mirrors are flat, transparent,
colourless, sodochalcium silicate glasses with parallel and polished faces, the rear face
of which is covered with a sheltered silver reflecting reservoir, all this with a thickness
between 2 and 10 mm allowed.
It has been pending for future studies to evaluate the integrity of the whole when
mechanical fractionation of the piastras is carried out by shear to obtain the irregular
polygonal tesserae typical of the trencadís: in the case of glass of different composition
and thickness, the mechanical fracture may give rise to weaknesses which leave the gold
leaf unprotected from the external environment.
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Abstract. Previously, only solutions with long-term experience were used in the building sector and it
was sufficient to describe, e.g. in the building regulations, how they should be constructed. However,
the innovation rate has gradually increased, encouraged by industrialization and by building
regulations becoming more functional based. As a result, the required performance is often described
for the whole building or for a building component, but not at product level. Furthermore, CE marking
makes it possible to market and sell a product in any country within the European Union if only one or
a few properties are declared, and these may even not be the most relevant ones for a specific application
in a technical solution. A CE mark is therefore neither a quality mark nor an approval of the product
for a specific application, although clients and consultants often believe this is the case. It is therefore
a major challenge for the building sector to determine if a new building product is suitable in a specific
technical solution (wall, roof, etc.). The paper identifies a gap between performance-based requirements
for a technical solution and specific requirements to properties of building products. Two cases (flat
roofs with no slope, MgO-containing boards used as wind barriers) show the possible economic
consequences of not closing this gap; the technical solution failed, as one of the products was not
suitable for Danish weather conditions. The first case initiated the formation of the Danish Building
Defects Fund in 1986, the second one from 2015 shows that the gap still exits, 30 years later. The cases
show how difficult it can be even for professionals to understand different certifications, especially when
a product seems to be well suited for a specific use. Based on the cases, the paper presents a systematic
approach that guides users through important issues relating to requirements for a moisture-safe
building envelope.
Keywords: CE Marking, Building Products, Performance-Based Requirements, Documentation of
Properties, Decision Chart.

1 Introduction
Previously, only solutions with long-term experience were used in the building sector and it
was sufficient to describe how the solutions should be constructed; consequently the innovation
rate was low. In Denmark, this was more or less the case until construction of buildings became
gradually industrialized in the late 1950s and early 1960s, to accommodate the increased
demand of dwellings after the Second World War. Industrialization is characterized by
innovation and construction of a large number of buildings with almost the same technical
solutions, reducing the construction time and/or the manpower. However, this means that a
mistake can be reproduced many times before a lack of performance is discovered, and by then
the economic consequences may be large. The innovation rate has gradually increased,
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encouraged by building regulations becoming more functional based. As a result, technical
solutions used in building projects are often only described by the required performance.
The challenge of how to handle a high innovation rate has been recognized for many years,
both nationally, e.g. (Blach & Christensen, 1974) and internationally e.g. (CIB, 1982).
Normally, the way to evaluate a new product is to compare it with an existing product with a
known performance, although this presupposes that the properties of the existing product are
relevant and sufficient. A technical solution (a wall, a roof, etc.) is normally composed by
several products (bricks, insulating materials, membranes, wood panels, etc.), for which
specifications may be available. The challenge is to close the gap between performance-based
requirements (durability, thermal insulation, etc.) specified for a technical solution, and specific
requirements to properties of products included in the solution. This is especially important
when new or not fully tested products are introduced, or when well-known products are used
in new combinations.
The cases presented in Section 2 illustrate how expensive it may be if the gap of
documentation has not been closed. Therefore, the building sector needs guidance to evaluate
if technical specifications of products lead to the fulfilment of performance-based requirements
for a complete technical solution. A method for systematic review of products is described and
discussed in Section 3 and 4.

2 Expensive Experiences
In several cases, new products have been used in many buildings before it was discovered that
the product was unsuitable for the used purpose. Two Danish cases are described; the second
showed that the problem still exists despite lessons learned from e.g. the first case.
2.1 Case 1: Flat Roofs
Flat roofs became popular in Denmark in the late 1950s and early 1960s. At that time the
building process became more industrialized using roofing felt and building elements made of
concrete, replacing labor-intensive construction work using bricklayers and brick masonry.
Until 1972, the building regulations required that roofs had a slope towards drain, but in a tenyear period until 1981, when many large industrialized housing projects were constructed, there
was no minimum requirement for roof slope. Unfortunately, complete flat roofs were difficult
to execute with sufficient quality and the roofing materials were not durable for this solution.
Therefore, many roofs leaked and resulted in expensive renovation projects and claims
corresponding to 4 % of the contract sum for dwellings with flat roofs (Bunch-Nielsen, 2019).
This experience and similar cases initiated the formation in 1986 of the Danish Building
Defects Fund (www.bsf.dk), a mandatory insurance-based system for social housing projects,
combined with a guidance on quality assurance in construction that counts for governmental
and publicly subsidized building projects (National Building Agency, 1986). This was based
on the expectation that preventing damage and defects is less expensive than doing repairs, for
the society as a whole as well as for the building sector. Today, claims on flat roofs are down
to 0.1-0.2 % and the service life of this type of roof construction has increased from 10-15 years
to 30-40 years (Bunch-Nielsen, 2019).
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2.2 Case 2: Magnesium Oxide Containing Boards as Wind Barrier
Around 2007, a new type of building boards was introduced in Denmark as an alternative to
traditional products used as wind barrier on the cold side of the insulation layer in a lightweight
facade construction. The boards were strong, fire resistant, light, cheap and good for the
working environment. The boards were quickly taken up by the market as a new, interesting
product. However, in 2015 it was realized that these new boards were not at all suited as wind
barrier under normal Danish weather conditions.
The boards contain MgO, which is a salt with a relatively low equilibrium moisture content,
taking up moisture from the surrounding air when the relative humidity is high. Once saturated,
the boards release salty liquid (Figure 1) that make screws, fittings and staples corrode and
eventually initiate wood rot in surrounding wooden elements. In the longer run, the boards may
disintegrate and lose their fire resisting, wind protecting and stabilizing properties. The Danish
Building Defects Fund (2015a) declared promptly that they would not cover new claims related
to building projects using MgO containing boards. They had by then been used in almost 20.000
social housing homes in Denmark and in an unknown number of single-family homes, private
housing, schools, day care centers, hospitals, and industrial and commercial buildings. The cost
of replacing boards alone in social housing dwellings has been estimated to around 1 billion
DKK (Danish Building Defects Fund, 2015b).

Figure 1. Wetting of a concrete foundation revealing that salty liquid has been released from MgO boards in the
above lightweight external wall. Photo: Tommy Bunch-Nielsen.

A legal sequel is on-going; In one case, the architect/consultant was judged as being
responsible for not having presented clearly enough to the client, that the product was not
thoroughly tested. In another case, the contractor was acquitted as he had followed
recommendation from BYG-ERFA published in 2013 (BYG-ERFA, 2013) stating that MgOcontaining boards were used as wind barriers, indicating that it had become a well-known
product for this use. Since 2015, BYG-ERFA warns against this use of the boards (BYG-ERFA,
2015).
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The binder in MgO board is formed by a chemical reaction between MgO and MgCl2. Boards
containing MgSO4 were later introduced to the market because of the less hygroscopic behavior
of MgSO4 compared to MgCl2 but they showed not to be a feasible alternative in Denmark and
countries with a similar humid climate (Wøhler Nielsen et al., 2019).

3 Systematic Review of New Products
To reduce the risk of using unsuitable products in technical solutions, decision makers need a
way to review products. A method for a systematic review presented in this section is based on
(Peuhkuri, Nielsen, and Møller, 2020) and (BYG-ERFA, 2017). It is a guideline to buyers of
building products and other partners in a building project, who are supposed to demand
documentation of relevant properties for new products or products used in a new way.
Determination of requirements for products used in lightweight external walls is used as an
example. The client should expect the consulting architect/engineer to:
- Identify new solutions in the building design
- Make sure that all relevant requirements for documentation of each product in each new
solution is detailed and highlighted in the project documents (further detailed below)
- Ensure that suppliers’ information about the product and documentation for critical
parameters is present and critically evaluated.
Function of a product in a given solution. The function of a product must be identified before
it is possible to identify the relevant properties. Opposed to a solid masonry wall, the functions
of a lightweight exterior wall often are highly divided between products, so that one product
acts as a vapor barrier, another as load bearing structure, etc. This makes it easier to develop
new solutions where one product can be replaced by another disregarding all the other functions
that the wall has to fulfil, provided that the products do not harm each other. In addition, there
is a general requirement for durability. Further, not only the performance of the wall itself but
also the joints with adjacent building elements is important.
Loads. The product may be exposed to a number of different loads in a construction. For a
lightweight exterior wall, the position of the product in the wall determines the degree of the
moisture load. Every load, including fire, freezing point passages, UV-exposure etc., must be
quantified if relevant, including loads during the construction phase.
Relevant properties. The intended function of a specific product as part of a planned solution
(e.g. that it contributes to the thermal insulation) and the loads it will be exposed to in the actual
position in the solution, including loads during the construction phase, must be defined. This
forms the basis for deciding which technical properties the product must be in possession of to
function as expected in the solution.
Specification of requirements. A list of the specific requirements for a product to be used as
intended in the technical solution can be based on a relevant harmonized European standard or
a European Technical Assessment (ETA) in case the product is not covered by a standard.
However, standards covering specific types of products, e.g. plasterboard or insulation,
normally relate to product properties only and not to properties related to the technical solution,
e.g. strength, fire resistance and sound insulation. In case a standard covers a technical solution,
for example a lightweight wall, it usually focuses on statics and fire safety issues.
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This means that where moisture loads are important, it is necessary (and legal) to supplement
with requirements for moisture related properties, assuming these properties cannot be declared
based on harmonized standards. This may be requirements related to moisture content at a
specified relative humidity in the surrounding air, free water uptake, drying rate after water
uptake, mechanical and chemical stability associated with moisture absorption, and durability
in relation to moisture content. In addition, requirements for buildability must be included. In
case it is decided to replace a product by another, the alternative product have to meet all the
requirements, and not only one of them.
Documentation of product properties. For each of the listed requirements reference to a test
standard shall be made. If a relevant harmonized European standard exists, it must be used.

4 Discussion
The cases in Section 2 illustrates, as previously stated in (de Place Hansen, 2013), that the
buildings regulations’ increasing use of performance-based requirements highlights the need
for recommendations for levels of requirements for technical solutions and for communication
about the experience with building products and solutions. Further, that building professionals
should reflect more on the feasibility of a product or solution in a specific context, without
having 40 years of experience from practice, as a lack of service life data not necessarily
prevents new products and solutions to be promoted (de Place Hansen and Møller, 2015).
The introduction of CE marking makes it possible to market and sell a specific product in
any country within the European Union (EU). However, a CE mark handled by EU, declaring
specific properties of a building product, does not guarantee that the product complies with
performance-based building requirements, being national based. Further, a CE mark is neither
a quality mark nor an approval of the product for a specific application, although clients and
consultants often believe this is the case. A product can get a CE mark simply by meeting a
minimum requirement for a single property, i.e. CE marking does not ensure that the building
product has all the relevant properties.
The producer might have had a specific use in mind, e.g. related to fire resistance or a specific
climate, and not that it would be used in a climate where moisture related properties would be
more relevant to document, but national authorities cannot force remaining properties to be
declared. Further, a new product or a new use of a product is often not covered by a harmonized
standard and an ETA is not necessarily issued, i.e. a CE mark is not required. It is therefore a
major challenge for the building sector to determine if a new product is suitable in a specific
technical solution, e.g. being able to withstand hygrothermal load during 40 years of use in a
building envelope. Experience from the Danish Building Defects Fund has shown that
requirements in relation to moisture are not sufficiently well formulated.
Further, by combining existing products with new products in a technical solution, it is
necessary to expose how both new and existing products behave, to estimate how the
combination will react, although this is not always sufficient (Ingeniøren, 2019). In general, the
more products that are part of a technical solution, the harder it is to formulate product
specifications for a solution adequate for a specific geographical location.
To close the gap between performance-based requirements and product specifications in an
economical way, a simple, straightforward decision chart is suggested (Figure 2), combining
the information presented in Section 3.
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Figure 2. Decision chart guiding the user to ensure a suitable solution for an external lightweight wall, focusing
on moisture related properties. Green boxes: A usable solution has been reached. Text in italic: Questions to be
answered by the user. Boxes with text in red: Actions to be taken by the user. A guideline and eventually a
checklist should expand each of these boxes.

1438

Ernst J. de Place Hansen, Jørgen Nielsen, Eva B. Møller and Ruut H. Peuhkuri

The decision chart forces the user to consider different function-based requirements and
guides the user through the most important issues to ensure a suitable solution for the building
envelope, using a lightweight wall as an example. To use the chart for other types of external
walls or other building elements, guidelines/checklists detailing the content of boxes with text
in red should focus more on issues relating to statics, fire resistance, etc. The chart clarifies
whether the risks the client takes are reasonable compared with the economic benefits. It can
be used for both well-proven solutions with many years of good experience, as for new,
innovative products or solutions. The more new products a technical solution includes, the
harder the work to make it to the end of the decision chart.
The consultant must decide which requirements are needed for products used at a specific
position in a specific technical solution for a building component. A documentation of this
could be a part of a statement/declaration on risky conditions, including a description of how
to minimize the risk. Together with an evaluation of the costs, the client has now a basis to
decide whether he will accept the suggested innovative solution. For products used as roofing
underlay this work has already been done in Denmark with the introduction of DUKO in 2004,
an independent company that classifies roofing underlays and (since 2013) vapor barrier
systems (https://duko.dk). Although this is a voluntary scheme, within a few years DUKO has
increased the quality of roofs and reduced the amount of defects (Møller and Hansen, 2017).
In other wall types or in technical solutions used in other parts of the building envelope, the
products involved may not have as specific functions as in lightweight walls. Nonetheless, it is
still relevant to follow a systematic approach to ensure that all the relevant considerations are
made when evaluating whether a suggested solution is suitable. As an example, a wall element
that functions both as a load bearing structure, as thermal insulation and as a vapor barrier of
course has to document all the properties relevant to comply with these functions when used at
a specific geographical location.
For each new product, it can be costly to carry out tests to document whether it fulfils specific
requirements, especially if the product can be used in many combinations with other products.
Moreover, the producer may have a specific use in mind when putting it on the market, not
considering other kinds of use. Consequently, producers may be reluctant to test for more
properties than necessary for the intended use. Likewise, consultants and contractors neither
have the time nor money to organize testing for more properties.

5 Conclusion
A gap between performance-based requirements specified for a technical solution and specific
requirements to properties of products has been identified. Cases show that this gap still exists
(second case) although problems with identification of relevant product requirements has been
known for at least 30 years (first case). Further, cases show that it can be very expensive to use
new products or technical solutions in a specific context if not all relevant properties are
documented or if the products are not used as intended.
Closing the gap simply by asking for more documentation is not trivial as testing is
expensive, and often the consultant lacks knowledge to identify what is relevant without a
systematic approach. A decision chart was developed to guide the consultant into the needed
systematic approach when deciding whether a specific product or solution is acceptable.
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Abstract. This study explores the behavior of blended mortars of low reactive bottom ashes (BA) and
ordinary Portland cement (OPC) in an alkaline solution. Mortar mixtures incorporating OPC with
different replacement levels (0% to 30% mass) were studied. Isothermal conduction calorimetric
analysis was studied and 28-and 60-day mechanical strength values were found. SEM images was used
to identifies porosity structures at 28-day. Water absorption was also investigated. The results revealed
different behaviors to low (OPC 2.5 and OPC 5) and moderated (OPC 10 and OPC 30) OPC content.
Increase in percentage of Portland accelerated hydration kinetics. There is a second peak formation for
moderated OPC content, associated with C-A-S-H gel formation. The partial replacement of bottom
ash by OPC tend to reduce the absorption. There is a slower initial water absorption to low OPC
content. This behavior is due the higher unreacted BA content, that works as a filler. Otherwise, the
increase of water absorption for OPC content is due to the coexistence of Portland cement hydrates and
alkali activated reactions.
Keywords: Blended Mortars, Alkali Activation, Porosity, Bottom Ash.

1 Introduction
Bottom ash (BA) represents 40% of ashes from the coal-fired thermoelectric power plants
(Cheriaf et al., 1999), it is estimated 4.5 million tons of BA per year in Brazil (IEA, 2016).
Unlike fly ash, the disposal of bottom ashes goes to settling basin. Studies have shown the use
of bottom ashes as an alternative aluminosilicate source for alkali activations (Topçu et al.,
2014, Tambara Júnior et al., 2018). However, its performance is worse than fly ash. This is due
the less amorphous content, higher unburned coal and low reactive SiO2 and Al2O3.
An alternative to improving alkali activation BA properties is to increase surface area
(through grinding) and to reduce unburnt material, through calcination (Sathonsaowaphak et
al., 2009). Currently in the literature hybrid or blended cements are used to obtain better
responses of the material (Garcia-Lodeiro et al., 2016).
Durability remains a property requiring further studies on alkali activations. A problem
reported about alkali activation materials is the higher sorptivity when compared with Portland
cement. Some works (Collins and Sanjayan, 2000) affirm that this is due the large proportion
of fine pores which results in micro-cracks in the matrix, increasing the water capillarity. To
reduce the water sorptivity it is necessary add some material that densifies the sample (Rostami
and Behgarnia, 2017).
In this article was investigate the influence of ordinary Portland cement (OPC) on the
mechanical strength, kinetic of water absorption and pore structure (scanning electron
microscope) of blended alkali activation mortar of BA/OPC. The reaction was monitored with
isothermal conduction calorimetry to evaluate the heat flow variations in the pastes in the early
time of reaction. The OPC was blended from 0%, 2.5%, 5%, 10% and 30%.
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1441

Luís Tambara Júnior, Malik Cheriaf and Janaíde C. Rocha

2 Experimental Procedure
2.1 Materials Characterization
A Mastersizer 2000 laser granulometer was used to obtain particle size distribution of OPC and
BA (Figure 1) and the powder was dispersed in isopropanol. It is seen that the BA used in this
study contained a finer particle size than BA. Where 86% of OPC and 99.9% of BA particle
size measured under 45μm, in agreement with the size particle parameter used to improve ash
reactivity (Fernández-Jiménez e Palomo 2003).
The BA and OPC oxide analysis and clinker phase compositions are presented in Table 1.
To the cement the phase was estimated based on Bogue calculation method. To BA was
performed a Rietveld refinement method (Rietveld, 1969) using X-ray diffraction test data. To
determine the amorphous and crystalline content in the BA sample, the analytical reagent
corundum (Al2O3) was added in a total of 10% by mass as an internal standard. The OPC is a
type III and the BA is classified as ash type F (low calcium content).
The sand used in the mortar mixtures was a natural fine sand. It was obtained a relative
specific density of 2600 kg/m³, water absorption of 1.6%, maximum grain size of 1.2 mm and
minimum grain size of 0.15mm. The sand showed a fineness modulus of 1.83.
Table 1. Chemical composition.

Oxide analysys
(%)
OPC
BA
SiO2 19.36 40.82
CaO 63.71 1.73
Al2O3 5.10 37.46
Fe2O3 3.02 5.71
SO3
2.84 0.29
Others 2.17 7.32
LOIa
3.80 6.67

Phase composition results
OPC
C3S
60.05
Quartz
C2S
10.22
Mullite
C3A
8.41 Amorphous
C4AF
9.19
CS
4.83
free lime 1.25
a

BA
7.19
26.24
69.57

Loss of ignation

A combination of sodium hydroxide (NaOH) pellets, water distilled and sodium silicate
solution (Na2SiO3) was used as an alkaline activator (SiO2 = 26.5%; Na2O = 10.6%; H2O =
62.9%; and density of 1.39 g/cm3). Initially a 14M NaOH solution was prepared with distilled
water, waiting up to room temperature. After that a ratio of 1:2 Na2SiO3 to NaOH solution were
prepared. A superplasticizer additive based on polycarboxylate ether, with solids content of
0.22, was used to adjust the workability (flow value > 250 mm) required for self-leveling
mortars.
To evaluate the effect of OPC content on the microstructure of blended alkali-activated
mortars, it was prepared 5 mixtures. The sum of OPC and BA was considerate as binder.
Hydrated mortars were prepared using the same liquid-to-binder (l/b) ratio of 0.55. The
substitution in mass of BA for Portland cement was: 0% (i.e., only bottom ash), 2.5%, 5%, 10%
and 30%. The binder and sand ratio were kept constant from 1:2 (in mass). The molar ratios
were between 2.6-3.1 to Si/Al, 0.27-0.30 to Na2O/SiO2 and equal to 12.3 to H2O/Na2O.
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Figure 1. Particle size of OPC and BA.

2.2 Experimental Procedure
The mixing method consisted of an initial premix of the solutions (NaOH and Na2SiO3) until
room temperature. After that, a dry mix powder of cement, bottom ash and sand of each
proportion was executed. The solid/liquid mixing was performed in a planetary mixer, the first
2 minutes at 150 rpm and one last minute at 300 rpm. Then the mortars were added to the molds
and cured for 24h at 80ºC.
Compressive strength was performed in cubic molds (4cm x 4cm), according to Brazilian
Standard NBR 13279. To each mixture 6 samples were tested at 28 and 60 days of reaction.
Calorimetric tests were performing to determine the heat evolution and the total heat through a
conduction isotherm calorimeter TAM Air-Thermometric. The pastes were manually mixed for
a period of 3 min with the same w/b ratio than mortars and then sealed. The samples were
immediately placed in the calorimeter, under the same conditions as the mortars (80º ± 1ºC).
To stop the reaction at the test ages for microstructural analysis, the samples were kept in an
oven at 40ºC until constancy of mass. Water absorption was evaluated over time for 24 hours
through a method of Mariotte’s bottle developed of laboratory ValoRes-UFSC. To analyze the
microstructure images, the samples were carbon-coated and mounted on electron microscope
slides for study under a JEOL JSM-6390SL (15.0kV) with energy-dispersive X-ray
spectroscopy (EDS) performed at Central Laboratory of Electron Microscopy (LCME-UFSC).

3 Results and Discussion
3.1 Isothermal Calorimetry and Compressive Strength
The effect of OPC content on the rate of heat release and total heat release during alkali
activation of the BA is shown in Figure 2. For all the samples is seen a faster reaction at 80ºC,
due to this it was not possible to detect the first peak associated aluminosilicate dissolution, as
observed in literature (Palomo et al., 1999; Garcia-Lodeiro et al., 2013). For the alkali
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activation only with BA (OPC0) it is seen the lowest heat release and total heat. This is due its
insufficient dissolution phases that start the formation of N-A-S-H gel.
Two different behaviors were observed according to the OPC content on the hybrid cements.
Results are presented as low OPC content (OPC2.5 and OPC5) and moderate OPC content
(OPC10 and OPC30). Even in small quantities, increasing OPC content accelerates the
activation reaction. To low OPC content (Figure 2a) it is noticed the formation of a single peak
in heat evolution. The increment of OPC content resulted in a higher heat release and total heat,
this indicates an increase of reaction degree. OPC2.5 and OPC5 showed a total heat at 6 h of
59.79 J/g and 77.73 J/g, respectively.
Figure 2b shows heat flow curve and total heat for the alkali activation with moderate OPC
content. It is observed a more intense and rapid first peak compared with low OPC content,
followed by a short dormant period (occurs up to 15 minutes of activation). OPC10 and OPC30
presented a total heat at 6 h of 148.48 J/g and 126.76 J/g, respectively.
The quick first peak formation may be associated with an accelerated Si and Al dissolution
and N-A-S-H formation. Also, a secondary peak starts after 15 minutes of activation. After the
first gel formation the pH of pore solution decreases by which the calcium provided from OPC
begins to react and form a (N,C)-A-S-H gel type (Garcia-Lodeiro et al., 2016).
OPC30 showed the highest total heat up to 1h of activation, however, OPC10 overcame the
total heat in higher period. Martinez-Ramirez and Palomo (2001) showed that OPC hydration
is retarded when alkali concentrations increases. This suggests that is greater amount of inner
anhydrous cement to OPC30 than OPC10.

Figure 2. Heat flow and cumulative heat from the low OPC content (a) and moderate OPC content (b) alkali
Activation.

Compressive strength was evaluated to later ages of 28 d and 60 days (Figure 3). OPC0
showed no strength development over the time of 60 days. This result shows that the exclusive
alkali activation of BA results in a very slow evolution of reaction. The gain of compressive
strength from 28 d to 60 d of OPC2.5, OPC5 correspond to 8.8%, 12.8% to low OPC content,
a result in agreement with heat flow calorimetric analysis. To moderate OPC content the
compressive strength for 28 d and 60 d increases 19.9% and 11.6% to OPC10 and OPC30,
respectively. There is observed an optimum OPC content of 10% to blended mortar, increasing
the bottom ash reaction.
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Figure 3. Compressive strength to 28 d and 60 d.

3.2 Water Absorption
Water transportation of mortars is an important property that mainly influences its durability.
Figure 4 shows water absorption over a 24 h of experiment to low and moderate OPC mortars
at 1 d and 28 d. The water absorption of the blended mortars reported in this work were obtained
in the final rage of 2.27%-10.01% and 1.57%-4.30% for 1 d and 28 d, respectively. At 1 d of
hydration, it is observed higher absorption of activation with increased OPC dosage.
At 28 d was observed to all samples a reduction of water absorption. Compared with 1d of
hydration, OPC30, OPC10, OPC5 and OPC2.5 presented a water absorption reduction of
57.04%, 81.17%, 68.59% and 30.84%, respectively. Water absorption reduction is greater for
moderate OPC mortars. It was observed that OPC10 showed the lowest water absorption to 28
days. The authors associate this behavior to the pore filling due best compatibility of last
formation of (N,C)-A-S-H gels observed through microscopy analysis (Tambara Júnior et al.,
2018).

Figure 4. Water absorption of low OPC moderate OPC content at 1 day (a) and 28 days (b) of reaction.
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3.3 SEM
As Figure 5a shows, the bottom ash after treatment presented predominance of irregular
particles with few spherical particles, which difficult the activation. Figure 5b shows the OPC0
at 28 days of activation, where there is a larger presence of unreacted BA and insufficient gel
formation, featuring in a higher porosity and low compressive strength (Figure 3).

Figure 5. SEM images of a) BA and b) OPC0 hydrated at 28 days.

As visual criteria, analysis of pores size was evaluated through an image analysis software
tool of SEM images. Figure 6 shows micrographs of low and moderated OPC samples at 28d.
To OPC2.5 is the sample with the largest pore presence. It is observed a great presence of
macropores 50 µm - 400 µm. To OPC5 was observed a reduction in the content of smaller
macropores, with no significant difference to pores larger than 300 µm.
There is observed higher pore formation and unreacted bottom ash to low OPC content
mortars. As calorimetry analysis shows, the improve of OPC content results in a higher energy
release. This fact can be associated with the reduction of porous sizes, where this improves the
silicon dissolution, resulting in a denser N-A-S-H/C-A-S-H gels.
Moderate OPC mortars resulted in a reduced presence of the larger porous size. OPC30 and
OPC10 presented similar pore size range of 20 µm – 140 µm. Otherwise, it was observed the
lower water absorption to the OPC10, that can be associated to a higher microporosity to OPC30
mortar.
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Figure 6. SEM images of 28 days a) OPC2.5, b) OPC5, c) OPC10, d) OPC30.

4

Conclusions

This study evaluated the OPC content on the blended mortars of bottom ash and Portland
cement. It is concluded that there is different behavior between low to moderate OPC
replacement, but even in low content (2.5% and 5%) there is a good contribution to activate
bottom ashes with low reactivity.
To all the samples, as the OPC replacement increased the mechanical strength and the water
absorption increases. This improved performance may be due to a denser microstructure
generated to C-A-S-H gel formation observed through microstructural and calorimetry analysis
that showed a secondary peak to moderate OPC content.
Furthermore, the 10% substitution of OPC significantly improved the parameters of
durability, associated with the higher strength development at later ages and lower water
absorption, due to its suitable Ca + content provided by OPC. The increase of compressive
strength and water absorption of OPC30 may be associated with a reduction of macroporosity
but higher microporosity.
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Abstract. The use of mineral admixtures in concrete has grown in recent years, specially the highperformance ones, such as silica fume, nanosilica and metakaolin. Metakaolin has been extensively
studied due to its high reactiveness. Thus, an experimental program was conducted to evaluate the
behavior of compressive strength and non-steady state chloride migration due to differences of
metakaolin characteristics. Three different metakaolins were characterized, then used in a 10%
replacement ratio (of mass of cement), among two water/binder ratios (0.40 and 0.60) in concrete
mixes. The results show that metakaolin increased compressive strength in every age tested.
Moreover, durability properties were significantly enhanced due to the addition of metakaolin. Nonsteady state chloride migration coefficient of metakaolin concretes were noticeably lower than plain
concrete. In general, the addition of metakaolin in concrete caused pore refinement and reduction in
total porosity, which lead to enhancements of mechanical e durability properties of concrete.
Keywords: Durability, Chloride Migration, Metakaolin, Compressive Strength.

1 Introduction
Metakaolin (MK) is a relatively new supplementary cementing material (SCM), although
there are studies and research in the past century, it was in the last two decades that MK was
broadly studied. In Federal University of Goias (UFG), in Brazil, since 2000’s several
experiments were conducted with MK and other pozzolans (Cascudo, Mendes, Carasek, and
Ferreira, 2014; Ferreira, Pereira, Lopes, Carasek, and Cascudo, 2004; Figueiredo et al., 2014;
Oliveira and Cascudo, 2018; Pereira, Lopes, Hasparyk, Carasek, and Cascudo, 2005). The
results of these researches suggest that the overall good performance of highly reactivity
metakaolin owes mainly to its fineness which leads to an enhancement of filler effect on
concrete microstructure.
On the other hand, MK is obtained from the calcination of kaolinitic clay, mainly
composed of kaolinite (hydrated aluminosilicate), which means that it’s major composition is
alumina (Khatib, Baalbaki, and ElKordi, 2018; Murat and Comel, 1983; Siddique and Khan,
2011). In this sense, some studies observed that MK can react with chloride ions in concrete
resulting in a stable compound knows as Friedel’s salt (Friedel, 1897). This means that the
addition of metakaolin in concrete can improve the chloride resistance (Cascudo et al., 2014;
Talero, 2012), therefore improve the durability of concrete.

doi:10.23967/dbmc.2020.079
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Thus, a research conducted to verify the influence of physical, chemical and mineralogical
characteristics of highly reactivity metakaolins in mechanical and durability related properties
of concrete. In the present paper the changes in compressive strength and chloride migration
caused by MK properties were assessed.

2 Experimental Program
This paper is a part of a broader experimental program in which the influence of different
types of highly reactivity metakaolins in the microstructure of concrete is evaluated.
2.1 Materials
Eight different types of concrete were mixed: with two water/binder ratios – 0,40 and 0,60 –
as well as three different metakaolins – MK1, MK2 and MK3 – all from the same Brazilian
manufacturer in a 10% content in substation of cement, in mass, and a plain concrete – with
no MK - R. The complete composition of all eight mixes is presented in table 1.
Table 1. Compostion of concrete mixes.

Concrete
mixes

Cement
content
(kg/m³)

Mix proportions, in mass
(cement : metakaolin) : sand : crushed stone

w/b

Superplasticizer
(%)

40R

450

(1.00 : 0.00) : 1.68 : 2.37

0.40

0.36%

40MK1

405

(0.90 : 0.10) : 1.67 : 2.37

0.40

0.66%

40MK2

405

(0.90 : 0.10) : 1.67 : 2.37

0.40

0.64%

40MK3

405

(0.90 : 0.10) : 1.67 : 2.37

0.40

0.67%

60R

300

(1.00 : 0.00) : 2.98 : 3.53

0.60

0.33%

60MK1

270

(0.90 : 0.10) : 2.96 : 3.53

0.60

0.46%

60MK2

270

(0.90 : 0.10) : 2.96 : 3.53

0.60

0.38%

60MK3

270

(0.90 : 0.10) : 2.96 : 3.53

0.60

0.60%

Once the characteristics of the metakaolins are relevant to further understand the possible
changes in concrete, some of their physical, chemical and mineralogical properties were
analyzed: BET fineness, chemical composition by X-ray fluorescence, quantification of
crystalline phases by X-ray diffractometry. Among of them, the pozzolanic index of
metakaolin was measured by the Chapèlle’s modified test (ABNT, 2010).
An ordinary Portland cement (OPC) (Brazilian type CP II F 40, similar to CEM II/A-L
42.5) was used in all concrete mixtures.
There were also used two different fine aggregates – both quartz sand, one with a fineness
modulus of 2.09 and the other one with a MF = 3.54 – and two different coarse aggregates –
both gneiss crushed stone, one with a MF equals to 5.71 and the other one with MF = 6.80.
Also, a polycarboxylate-based superplasticizer was used in order to maintain the slump in a
constant range, without changing the w/b ratio.
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2.2 Methods
Concretes were tested in fresh state in which slump test was conducted to be kept in the range
that was proposed (120 ± 20 mm). Then cylinder specimens were molded for tests in
hardened state. Then they were cured immersed in water saturated of calcium hydroxide, at
(23 ± 2)°C until the age of 28 days. Compressive strength tests were conducted with cylinder
specimens (100 x 200 mm) of every concrete mix in four ages: 7, 28, 91 and 140 days.
The chloride resistance was measured by the Nordtest method, described in NT Build 492
(Nordtest, 1999). 100 mm × 50 mm cylindrical specimens were cut from the middle of 100
mm × 200 mm cylinders; subsequently, the apparatus, as described in the method, was
assembled. This method, that was primarily proposed by Tang and Nilsson (1993), consists in
forcing the chloride ions to migrate, with a direct electrical current applied in both cathodic
and anodic solutions in which a specimen is immersed. This test, after some calculations
based in some equations provided by the Nordtest standard, results in a coefficient of
migration of chlorides in a non-steady state. This coefficient of migration is close to the
coefficient of diffusion, which is the real mass transport of ions that occurs in concrete.
The results were also submitted the statiscal analysis of variance (ANOVA) and multiple
mean comparison, from which some charts are presented herein.

3 Results and Discussion
Once the results of metakaolins characteristics are relevant to explain the changes in the
properties of concrete, the results are presented in two section: first, the metakaolin results
and then the concrete results.
3.1 Metakaolins Characterization
Although the metakaolins are produced by the same manufacturer, they are quite different, as
can be seen in their chemical composition, presented in table 2.
Table 2. Chemical compostion of metakaolins.

Test Method

X-ray Fluorescence
Spectroscopy

Content

MK1

MK2

MK3

SiO2 (%)

56.46

52.58

51.43

Al2O3 (%)

32.17

44.61

42.53

Fe2O3 (%)

2.23

0.35

2.00

CaO (%)

0.17

0.06

0.16

MgO (%)

0.7

0.02

0.28

K2O (%)

2.16

0.09

0.95

Na2O (%)

0.04

0.04

0.02

L.O.I. (%)

4.27

1.95

1.28

Others (%)

1.65

0.11

1.14
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It is known that MK1 and MK3 are obtained from the same raw material, while MK2
comes from another deposit. MK2 is white, so it is expected that it is the purest of all three,
verified by chemical analysis, with around 97% of silica+alumina. The differences between
MK1 and MK2 are also expressive, which may be due from the difference in the processing
of raw material in the deposit (mainly a better refinement of the kaolin).
Table 3 shows other properties of metakaolins. The differences in their fineness are
relevant. Although MK2 is the purest, it is the coarser metakaolin, which in theory may lead
to lower reactivity. Also, it is interesting to observe the difference between the amorphous
content, mainly between MK1 and MK3, which can be also explained by differences in the
processing of material, especially in the calcination process.
Table 3. Physical and mineralogical properties of metakaolins.

Test Method

MK1

MK2

MK3

BET specific surface area
(ASTM C 1069) (m²/g)

19.75

8.13

30.99

XRD Quantification –
Amorphous Content (%)

60.8

70.1

75.6

Chapèlle’s Modified Method (ABNT NBR
15895:2010) - Pozzolanic index
(mg Ca(OH)2/g)

859

1027

1440

Finally, the pozzolanic index measured by the Chapèlle’s modified method gives a overall
understanding of the reactivity of the metakaolin, once it emulates the pozzolanic reaction
(Quarcioni, Chotoli, Coelho, and Cincotto, 2015). According to this method, MK3 is the
higher in reactivity, followed by MK2 and MK1.
3.2 Compressive Strength and Chloride Migration
Results of compressive strength along the age of concrete are presented in figure 1.

Figure 1. Results of compressive strength of concrete at ages of 7, 28, 91 and 140 days.
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The difference between the w/b ratio is noticeable, as expected. It can be also seen that
even in early ages MK concrete showed better results, which may be explained by the filler
effect that is instantaneous. Also, at later ages MK concretes still showed better results. At 91
days a great part of the pozzolanic reactions have already occurred, it can be observed that
mechanisms of action of MK in concrete changes depending on the w/b ratio. For the 0.60
concretes, MK3 presented the highest results, though for the 0.40 concretes, MK2 showed the
higher value. This can be explained by the differences in the pore structure of the two groups
of concrete, as the 0.40 concretes tends to be less porous, the filler effect is not that important
compared to those of w/b of 0.60, so the coarser MK, although purer, showed better results,
meaning that in this case the chemical reactivity took place.

Figure 2. Multiple mean comparison of compressive strength and type of metakaolin.

Analyzing the ANOVA results, it showed that both variables (w/b and type of metakaolin)
and their interaction were significant to explain the changes in compressive strength. The
coefficient of determination of the model is 0.99. Figure 2 shows the multiple mean
comparison segregation of the groups of statically equivalent concretes. It can be concluded
that both MK2 and MK3 performed very well, in comparison to MK1 and plain concrete.
In chloride migration tests, MK concretes significantly outperformed plain concretes.
Figure 3 shows the results of the non-steady state chloride migration coefficient. The w/b ratio
was significant in the ANOVA model, as expected. So it was the type of metakaolin and their
interaction, resulting in a R² equals to 0.98. Different that compressive strength, the Tukey’s
test from multiple mean comparison segregated the groups of statically equivalent results with
some intersection. This means that it is possible to assure that the MK3 is superior than MK1
and plain concrete, but statically equivalent to MK2.
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Figure 3. Multiple mean comparison of chloride migration coefficient and type of metakaolin.

It is noteworthy that even the worse result of MK concretes is way better than plain ones,
as can be seen in figure 4. This means that MK can significantly improve the chloride
resistance of concrete, and it is more efficient in doing it than a reduction of w/b ratio.
A possible explanation for this behavior can be due to the reaction of the chloride ions with
the alumina present in metakaolins, thus forming the Friedel’s salt (Talero, 2012). It can be
also combined with the densification of the cement matrix that is assumed to occur with the
addition of MK, once the compressive strength was also improved.
Besides that, with 0.40 w/b concretes, the differences of the three types of MK was more
prominent. This may be due to the lower porosity of these concretes, and in this case, MK
benefits are more evident, surpassing the effects of w/b ratio itself. Besides this, the
correlation of these results and the results of Chapèlle’s pozolanic index of the metakaolins are
higher. This leads to the theory of chemical combination of aluminous phases with chloride
ions.
Another interesting point is that every MK concrete is classified, according to Nilsson,
Ngo and Gjørv (1998), as a very high or extremely high resistance to chloride attack. This
means that MK concretes are significantly more durable than plain concrete. Plain concrete
with w/b of 0.60, for example, is classified as a moderate chloride resistance.
It is clear that metakaolin concretes showed better results in comparison to plain concretes.
The addition of MK in concrete seems to be more effective in improving the chloride
resistance than the w/b ratio, evidenced by the fact that concrete with a higher w/b ratio and
with the worser MK showed better results than a concrete with lower w/b ratio and without
MK.
Also, for the compressive strength the enhancements caused by MK are noticeable, but in
this case w/b ratio seems to be more relevant to determine.
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Figure 4. Mean values and standard deviation of non-steady-state chloride migration coefficient of all concrete
mixtures, and the classification of chloride resistance from Nilsson, Ngo and Gjørv (1998).

5 Conclusions
- The pozzolanic activity index measured by the Chapèlle’s modified method showed to
be accurate to describe the overall behavior of the metakaolin, compiling the physical,
chemical and mineralogical characteristics of the pozzolana in one result.
- Compressive strength was improved by the addition of metakaolin, and the interaction
of the SCM was different depending on the w/b ratio.
- Metakaolin significantly enhanced the chloride attack resistance of concretes with both
w/b ratio, even the worst MK with the 0.60 w/b presented better result than the 0.40
plain concrete, which demonstrate the effectiveness of MK to prevent chloride attack.
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Abstract. The aim of this work is to better understand the influence of drying conditions and moisture
content of concrete on the carbonation kinetics during accelerated tests. Cylindrical specimens of a
typical concrete formulation for buildings were dried, after 28 days wet curing, under three different
conditions: 80°C, 45°C and 20°C and 50% RH. The carbonation depth and the height of water
absorption were measured during 70 days testing under 3% CO2, 20°C and 65% RH. The results show
that there is a significant difference in the drying behavior of cylindrical specimens between the
lateral cast surface and their circular free surface. But, the drying cycle before accelerated
carbonation tests has more influence on the carbonation rate than the type of exposed surface.
Keywords: Concrete, Drying, Accelerated Carbonation Test, Water Absorption.

1 Introduction
Natural carbonation of concrete is one of the main reasons of steel reinforcement corrosion.
The moisture conditions of concrete exposure have an important impact on carbonation
kinetics. According to NF EN 206 (2014) standard, environments with medium relative
humidity (between 50 and 70%) induce higher carbonation of concrete than drier or damper
environments.
Accelerated tests are generally carried out to determine carbonation resistance of concrete
and to assess the influence of various parameters of formulation, curing or ageing (Fattuhi,
1988; Alahmad et al., 2009) Varying experimental conditions are used for the tests. In
European level, there is not consensus for accelerated carbonation tests. For example, the
Belgian standard recommends exposure of concrete specimens to 1% CO2 while the French
standard (NF XP P18-458, 2008) recommends 50% CO2. The conditioning of specimens
before CO2 exposure varies even more strongly. For example, the European project of
standard (prTS 12390-12, 2010) recommends 14 days drying in room conditions while the
French standard recommends 14 days drying at 45°C. Different drying conditions before
testing lead to different moisture content of concrete and consequently to varying carbonation
kinetics (Parrott, .1996) (Galan, 2013).
The aim of the present work is to better understand the influence of drying conditions and
moisture content of concrete on its carbonation kinetics during accelerated test.

2 Materials and Methods
A formulation of concrete with 275 kg/m3 of CEM II/A-LL 42.5 R cement (according to EN
197.1 standard), 0.7 water-cement ratio and siliceous aggregates was used for the tests (Table

doi:10.23967/dbmc.2020.080
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1). The compressive strength at 28 days was 26 ± 2 MPa and the density 2367 ± 10 kg/m3.
The formulation is representative of that used in France for building constructions in 50’s and
60’s presenting today many problems of reinforcement corrosion.
Table 1. Composition of concrete.

CEM II/A LL 42.5R
Sand 0/4
Coarse aggregate 4/16
Water

kg/m3
275
833
1062
193

Cylindrical Ø11x22 cm specimens were prepared and cured under water till 28 days. At 28
days, they were sawed into Ø11x7 cm specimens including the free surface of concrete of
initial cylinders and into Ø11x11 cm specimens which excluded the bottom of the initial
cylinders. The Ø11x7 cm specimens were covered with aluminum sheet in order to expose
only the circular free surface of concrete of the initial cylinders. The Ø11x11 cm specimens
were also covered with aluminum sheet in order to expose only the lateral cylindrical cast
surface. With this setup, it could be expected that the free surface of specimens is
representative of the free surface slabs and the cast surface of specimens is representative of
cast surface of columns, beams or shells in buildings.
Both types of specimens were exposed to three different drying conditions before
accelerated carbonation testing:
• 14 days at 80 ± 2°C plus 7 days at 20 ± 2°C and 65 ± 5% RH;
• 14 days at 45 ± 2°C plus 7 days at 20 ± 2°C and 65 ± 5% RH;
• 87 days at 20 ± 2°C and 50 ± 5% RH plus 7 days at 20 ± 2°C and 65 ± 5% RH.
The drying at 45°C for 14 days is recommended by the French standard NF XP P 18-458
(2008) for accelerated carbonation tests on concrete. The drying at 20°C and 50% RH for 87
days was chosen in order to reach almost the same loss of water per unit of exposed surface
then that obtained in 14 days at 45°C. The drying at 80°C was applied to obtain strong and
deep drying of the surface layer of concrete even if the concrete microstructure could be
modified. A complementary drying for 7 days at 20°C and 65% RH was applied in all cases in
order to stabilize moisture content of concrete in the same hydrothermal conditions than that
used during accelerated carbonation tests. In fact, after drying, accelerated carbonation tests
were carried out in 3% CO2, 20 ± 2°C and 65 ± 5% RH for 70 days. According to Auroy et al.
(2018), 3% CO2 is representative of natural carbonation. On the other hand, the hydrothermal
conditions of accelerated tests are those of the French standard and close to those of the
project of European standard prTS 12390-12 (2010): 20 ± 2°C and 55 ± 5% RH.
The carbonation depth was measured at 0, 28, 56 and 70 days testing by 0.2% alcoholic
solution of phenolphthalein spayed to the fracture surface obtained by splitting of cylindrical
specimens. In addition, on a second series of specimens exposed at the same conditions for
the same periods, the height of water capillary absorption was measured after immersion in
colored (by a small amount of fluorescein) water for one week. For this measure, the
specimens were split and the thickness of saturated by colored water layer was determined on
the fracture surface under ultraviolet light in the same way as the carbonation depth.
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3 Results and Discussion
3.1 Drying
Figure 1 presents the loss of weight per unit of exposed surface of both types of cylindrical
specimens during drying. The first observation is that the loss of weight, through the free
(circular) surface of concrete, is between 2 and 2.5 times higher than that then that through the
cast (cylindrical) surface for the different drying conditions. This happens because the surface
layer of concrete has higher water content than the bulk material because of a small bleeding
after casting.
The second observation is that drying at 80°C for 14 days eliminates an amount of water
between 2 and 2.5 times higher than that at 45°C for 14 days or at 20°C and 50% RH for 87
days.
Time (days)
40
60

20

Time (days)
80

100

0

0,00

0,00

-0,20

-0,20

-0,40

14d at 80°C + 7d at 20°C
65%RH
14d at 45°C + 7d at 20°C
65%RH
87d at 20°C 50%RH + 7d
at 20°C 65%RH

-0,60
-0,80
-1,00

Loss of weight (g/cm2)

Loss of weight (g/cm2)

0

20

40

60

80

100

-0,40
-0,60
-0,80
-1,00

(a)

(b)

Figure 1. Loss of weight during drying. (a) Drying through the cast (cylindrical) surface of the Ø11x11 cm
specimens. (b) Drying through the free (circular) surface of the Ø11x7 cm specimens.
60

Height of warer absortion (mm)

50
40

14d 80°C + 7d 20°C 65%RH
14d 45°C + 7d 20°C 65%RH
87d 20°C 50%RH + 7d 20°C 65%RH

30

48,3

20

30,6
10
0

8,2
Cast surface

5,8

12,7

7,6

Free surface

Figure 2. Height of water absorption at the end of drying.

The stronger or weaker elimination of water, according to the type of exposed surface (free
or cast) and the drying condition, leads to higher or lower height of water capillary absorption
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at the end of drying (Figure 2). However, the height of water absorption through the free
surface is only between 1.3 and 1.5 times higher than that through the cast surface while the
loss of water was between 2.0 and 2.5 times higher (Figure 1), leading to the conclusion that
the surface layer of concrete presents differences in porosity and in porous size distribution
comparatively to the bulk concrete. In fact, the breeding of concrete on the free surface leads
to higher porosity and probably larger porous size distribution than in the bulk concrete.
The differences in porosity and in porous size distribution could be considered also to
explain the significant difference of height of water absorption after 45°C drying for 14 days
comparatively to that after 20°C and 50% RH drying for 87 days (Figure 2) even if in both
cases the loss of weight per unit of exposed surface at the end of drying is almost the same
(Figure 1). In fact, at the end of 20°C and 50% RH drying the concrete is more than 2 months
older than that at the end of 45°C drying. During this time, the cement hydration progresses
leading generally to lower porosity and to smaller porous size distribution.
3.2 Accelerated Carbonation
Figure 3 presents the carbonation depth during accelerated tests of both types of specimens
for different drying conditions. It should be noted that the carbonation depth is negligible
before carbonation test (0 mm for 80°C and 45°C drying and less than 0.5 mm for 20°C and
50% RH drying). It can be seen also that, in all cases, the carbonation depth progresses almost
linearly with the square root of testing time, consequently a carbonation rate can be calculated
for any case expressed in millimeter per square root of days (mm/days½) presented in Figure
4.
40

14d 80°C + 7d 20°C 65%RH
14d 45°C + 7d 20°C 65%RH

30

87d 20°C 50%RH + 7d 20°C
65%RH

20

18,0

20,9
16,7

12,7
15,2

10
10,7

10,9

16,1

13,5

Depth of carbonation (mm)

Depth of carbonation (mm)

40

30
21,1
20

23,3
19,1

15,2
12,7
11,8

10

17,4

18,9

16,3

0

0
00

2

4
6
8
Square root of time (days½)

(a)

10

0

2

4
6
8
Square root of time (days½)

10

(b)

Figure 3. Carbonation depth as a function of square root of testing time (a) Carbonation through the cast
(cylindrical) surface of Ø11x11 cm specimens. (b) Carbonation through the free (circular) surface of the
Ø11x7 cm specimens.

The carbonation rate is higher through the free surface and after 80°C drying but is far
from being proportional to the loss of water per unit of exposed surface during drying or to
the height of water absorption at the end of drying. In fact, firstly the carbonation rate of
specimens exposed du CO2 through the free surface is only 13-19% higher than that through
the cast surface for the different drying conditions. Secondly, the carbonation rate after 80°C
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drying for 14 days is only 22-23% higher than that after 45°C drying for 14 days. Thirdly, the
rate of carbonation obtained after 45°C drying is slightly higher (3 to 7%) to that obtained
after 20°C and 50% RH drying for 87 days. These values allow to conclude that, firstly, a
strong drying cycle (at 80°C) before accelerated carbonation tests has globally stronger
influence on the carbonation rate than the type of the exposed surface (free or cast) and,
secondly, the progress of hydration during the longer drying at 20°C and 50% RH does not
have a very important influence on carbonation rate.
4,0

Carbonation rate (mm/d½)

3,5
3,0

14d 80°C + 7d 20°C 65%RH
14d 45°C + 7d 20°C 65%RH
87d 20°C 50%RH + 7d 20°C 65%RH

2,5
2,0
1,5
1,0

2,43

2,75
1,98

1,85

2,26

2,20

0,5
0,0
Cast surface

Free surface

Figure 4. Carbonation rate during accelerated tests for different drying conditions and types of exposed surfaces.

3.3 Carbonation Depth and Height of Water Absorption
Figure 5 presents the comparison between the carbonation depth and the height of capillary
absorption of colored water during the accelerated carbonation tests for all drying conditions
and both types of specimens. It can be seen that, in all cases, the carbonation depth is
systematically lower than the height of water absorption, leading to the conclusion that, for
our tests, the carbonation occurs only into the unsaturated layer of concrete.
It can be seen also that the height of water absorption increases during accelerated tests.
This means that the unsaturated layer of concrete becomes thicker during testing. This is
particularly interesting in the light of the fact that carbonation reaction releases water
(Verbeck, 1958; Parrot, 1991) and that the specimens didn’t present any loss of weight during
testing, rather a gain of weight. Taking into account that there is not any similar observation
in literature, we can explain these results considering, firstly, the carbonation-induced changes
in porosity and in porous size distribution (Galan, 2013; Auroy, 2018) leading to higher
capillary absorption and, secondly, that moisture redistribution takes place in concrete during
and because carbonation. In fact, Johannesson and Ulgenannt (Johannesson, 2001) based on
sorption-desorption isotherms have concluded that well-carbonated cement mortar requires
higher energy to absorb water molecules at its material surfaces accelerating the desorption
isotherm and holding less water comparatively to noncarbonated cement mortar.
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Figure 5. Carbonation depth and height of water absorption as a function of square root of testing time. (a)
Through the cast surface after 80°C drying for 14 days. (b) Through the free after 80°C drying for 14 days. (c)
Through the cast surface after 45°C drying for 14 days. (d) Through the free after 45°C drying for 14 days. (e)
Through the cast surface after 20°C and 50% RH drying for 87 days. (f) Through the free after 20°C and 50%
RH drying for 87 days.
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The increasing of the height of water absorption follows mainly a proportional progression
with the square root of testing time, allowing the determination of a rate of height increasing
of water absorption during accelerated tests, expressed, just as the rate of carbonation depth,
in millimeters per square root of days (mm/days½) presented in Figure 6.
2,5
14d 80°C + 7d 20°C 65%RH

Drying rate (mm/d½)

2,0

14d 45°C + 7d 20°C 65%RH
87d 20°C 50%RH + 7d 20°C 65%RH

1,5

1,0

1,55

1,79

1,66
1,27

0,5

0,0

0,24

0,25
Cast surface

Free surface

Figure 6. Rate of height increasing of water absorption during accelerated tests for different drying conditions
and types of exposed surfaces.

The results of the Figures 5 and 6 show that the thickness increasing of the unsaturated
concrete layer during accelerated testing is all the more important that the depth of
carbonation is close. So, 20°C and 50% RH drying for 87 days leads to a relative low initial
height of water absorption which progress quickly during accelerated tests with a rate close to
the carbonation rate (1.66 and 1.85 mm/d½ respectively for exposure through the cast surface
and 1.79 and 2.20 mm/d½ for exposure through the free surface). On the contrary, 80°C
drying for 14 days leads to a relative high initial height of water absorption which progress
slowly during accelerate tests staying away from the carbonated layer.

4

Conclusions

Accelerated carbonation tests were carried out after three different drying conditions through
the cast and the free surface of specimens made with a typical concrete formulation for
buildings construction in the 50’s and the 60’s. The height of water absorption was also
measured at different stages of testing and compared to the carbonation depth.
The results show that there is a significant difference in the loss of weight per unit of
exposed surface through the cast and the free surface of specimens. The height of water
absorption through the cast and the free surface is also significantly different. But, the drying
condition before accelerated carbonation tests has more influence on the carbonation rate of
concrete than the type of the exposed surface. The carbonation rates through both types of
surfaces and for 45°C and for 20°C and 65% RH drying are close, in accordance with
literature. The carbonation rate for 80°C drying is significantly higher because of strong and
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deep elimination of water modifying the concrete microstructure.
The comparison of carbonation depth and height of water absorption during accelerated
tests show that the height of water absorption was systematically higher than the carbonation
depth. Moreover, the height of water absorption increases during testing while the carbonation
releases water and the specimens present globally a gain of weight. The hypothesis of
moisture redistribution in concrete during accelerated carbonation tests was advanced to
explain the increase of the unsaturated layer thickness in concrete. However, more tests are
necessary to validate this hypothesis starting with the determination of the water quantity
absorbed till saturation of concrete at each stage of accelerated tests in comparison with the
loss of water at the end of drying. To the same end it would be also interesting to follow the
carbonation rate and the height of water absorption beyond 70 days in order to identify what
happens when the carbonation depth reaches the thickness of unsaturated concrete.
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Abstract. Experiments on the development of compressive strength and static and dynamic Young’s
moduli were performed by the following mix proportions of concrete: the first uses different types of
Portland cement without fly ash (FA) with a water-cement ratio of 45%, keeping at different curing
temperatures; the second partially use FA in place of the cement, with the other conditions same as
above; the third uses only blast furnace cement B instead of Portland cement. With these specimens,
we comparatively examined in terms of temperature adjusted concrete age, how the mechanical
properties change with the use of cement only, FA replacement for cement and with variation in
curing temperatures. As a result, it was confirmed that the replacement of cement by fly ash enhanced
the long-term mechanical properties of concrete regardless of the curing temperature applied in this
experiment.
Keywords: Fly Ash, Curing Temperature, Compressive Strength, Static Young’s Modulus, Dynamic
Young’s Modulus.

1 Introduction
Recently, in Japan, fly ash (FA) has been often used as a mineral admixture of concrete from
the viewpoint of effective use of industrial waste and reduction of carbon dioxide (CO2)
emissions. (Takafumi, 2014) The use of FA as an admixture in concrete is said to be effective
in improving concrete performance such as increasing workability of concrete, reducing
thermal cracks, development of long-term strength, and suppressing salt damage and alkalisilica reaction. For this reason, in overseas countries, in particular in Asian countries, the
trend of effective utilization of FA for concrete has become active due to the increasing
number of coal power plants, because FA can be obtained at low cost as industrial waste. The
pozzolanic reaction peculiar to FA is activated beneficially to develop the strength of concrete
as the curing temperature increases. On the contrary, when the curing temperature is low, the
strength enhancement due to the pozzolanic reaction does not progress and, in some cases, the
expected effect may not be obtained.
Therefore, in order to understand the temperature dependency of the mechanical properties
of the concretes using FA, three kinds of Portland cements which are partially replaced with
FA were comparatively studied in terms of the impact by temperature on the development of
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1465

Hiromi Yanokura, Isao Kurashige, Naoyuki Sugihashi, Keiichi Takahashi and Yasuhiro Kuroda

mechanical properties of concrete. Note that we obtained basic data on the mechanical
properties of cement types and curing temperatures in order to make full use of the effect of
fly ash used in place of cement.

2 Experiment Plan
2.1 Outline of the Experiment
Regarding the use of cements and FA, one case is that different mix proportions for concrete
are prepared at curing temperatures of 5, 10, 20, and 30°C, using only normal Portland cement
(N), moderate heat Portland cement (M), or low heat Portland cement (L) respectively with no
FA, and another case is that the mix proportions are prepared in the same condition as above,
except 30 % of the proportion of the cement was substituted by FA. The specimens of
concrete prepared were tested to obtain the strength development (for the case of N, 15%
substitution of FA was also applied). For comparison, a mix proportion using blast furnace
cement B instead of cement was used in the experiment.
2.2 Materials and Mix Proportions
Table 1 shows the list of materials used, Table 2 the quality of FA, and Table 3 the mix
proportions (blending). The FA used is JIS A 6201 FA II class product from Noshiro Thermal
Power Plant, and water to binder ratio (W/B) is set to be constant at 45%. Limestone fine
powder (LP) was used to stabilize the fresh properties of mix proportions (blending) with the
FA replacement ratio of 30%.
Concrete mixing was carried out in an environment of 20 ± 3 ℃ using a horizontal biaxial
forced mixing mixer with a nominal capacity of 100 liters. The target slump 60 minutes after
the concrete is mixed up was 18.0 ± 2.5 cm, the target air content was 5.5 ± 1.5%, and the
rates of air-entraining water reducing agent (AD) and air-entraining agent (AE) were
determined by test kneading.
Table 1. List of materials used.
Material

Symbol
N

Binder

M
L
BB

Mineral
admixture
Fine
aggregate
Coarse
aggregate
Chemical
admixture

1466

FA
LP
S
G
AD
AE

Name and quality
Normal Portland cement
Density 3.16 g/cm3
Moderate heat Portland cement
Density 3.21 g/cm3
Low heat Portland cement
Density 3.22 g/cm3
Blast furnace cement B
Density 3.04 g/cm3
Fly ash Density 2.19 g/cm3
Limestone fine powder
Density 2.70 g/cm3
Limestone crushed sand
Surface dry condition density 2.67 g/cm3
Limestone crushed stone
Surface dry condition density 2.70 g/cm3
AE water reducing agent
AE agent (the agent for FA is used for
FA concrete.)

Table 2. Quality data of FA.
Test item

Test result

Silicon dioxide（%）

66.6

Moisture（%）

0.1

Ignition loss（%）

2.0

Density（g/cm3）

2.19

Fineness

3,880

Specific surface area by Blaine
method（cm2/g）
Flow value ratio
Activity
index
（%）

104

Concrete age 28 days

86

Concrete age 91 days

100
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2.3 Test Items and Methods
Test items and test methods are shown in Table 4. Specimens were taken after confirming that
the slump and air content satisfied the target values at a test of fresh concrete 60 minutes after
the mixing. After curing 24 hours in an initial curing room at a temperature of 20 ± 2°C with
a relative humidity of 95% or more, the specimens were removed from their forms to be cured
in the water at specified temperature conditions until specified ages when the specimens were
subjected to various tests.

3 Test Results and Discussions
3.1 Test Results of Fresh Concrete
Table 5 shows the test results of fresh concrete. At every mix proportion, the slump and air
content after 60 minutes met the targets. Remarkably, the mix proportion with 30% FA
replacement, despite the high use of AE agent, recorded a more than 0.5% decrease in air
content presumably due to unburned carbon of FA. In particular, the mix of LF30 had an
extremely high decrease of 2.4% in air content.
Table 3. Mix proportion of concrete.
W/B
(%)

Symbol

s/a
(%)

Slum
p
(cm)

Air
conte
nt
(%)

Unit weight (kg/m3)
Wate
r
W

Mineral
admixture

Cement
N

M

L

BB

FA

Chemical
admixture
(%)

Aggregate

LP

S

G

AD

AE
0.003

N

367

―

―

―

―

780

1004

0.90

M

―

367

―

―

―

782

1007

0.80

0.003

―

―

367

―

―

782

1007

0.75

0.002

―

―

―

367

―

774

997

0.80

0.003

165

L
BB

45.0

NF15

44.0

18.0

5.5

160

NF30

303

―

―

―

53

782

1004

0.93

0.007

241

―

―

―

103

62

757

974

1.23

0.029

241

―

―

103

62

758

976

1.30

0.026

―

241

―

103

62

759

976

1.10

0.023

155

MF30
LF30

―

Table 4. Test items and methods.
Test item

Test method

Slump

JIS A 1101

Air content

JIS A 1128

Mass of unit volume

JIS A 1116

Concrete temperature

JIS A 1156

Compressive strength

JIS A 1108

Static Young’s modulus

JIS A 1149

Dynamic Young’s modulus

JIS A 1127

Table 5. Test results of fresh concrete.

Description
Tested 5 minutes
and 60 minutes
after being mixed
up
Tested at the age of
7 days，28 days，
56 days，91 days，
182 days，364 days

Sym
-bol

Slump
（cm）

Air content
（%）

Mass of unit
volume
（kg/m3）

Concrete
temperature
（℃）

5
min

60
min

5
min

60
min

5
min

60
min

5
min

60
min

N

20.0

19.5

6.1

5.7

2324

2319

21

21

M

18.5

20.0

6.5

6.7

2303

2296

19

19

L

21.5

20.5

6.3

6.1

2312

2309

19

19

BB

19.5

20.0

4.9

5.3

2333

2322

19

19

NF15

18.0

18.0

5.3

5.4

2325

2315

21

21

NF30

18.0

17.5

7.1

6.5

2255

2277

21

21

MF30

17.0

20.0

7.0

6.5

2263

2279

21

21

LF30

19.5

18.5

8.5

6.1

2282

2294

22

21
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3.2 Relationship between Age and Compressive Strength
Figure 1 shows the relationship between age and compressive strength for each mix
proportion. The strength at the age of 7 days of the mix proportions using only Portland
cement without FA increased in the order of N> M> L, and the higher the curing temperature,
the faster the development of strength. However, at a high curing temperature of 30°C, their
increase of strength tended to slow down in an earlier stage: N peaked after age 28 days; M
after 56 days; L after 91 days. On the other hand, it was observed that all the mix proportions
with FA replacement for cement did not reach the peak and still continued to develop their
strengths. The substitution of FA for cement demonstrates a high effect on strength increase.
The compressive strength of BB at the age of 7 days varied largely due to curing
temperature, and at the temperature of 30°C, was equivalent to N, and at 5°C equivalent to M,
with a large difference from the mix with Portland cement without FA. At the curing
temperature of 30°C, the growth in strength of BB slowed down after 56 days of age.
On the other hand, the strength for mix proportions with FA developed in the order of NF15>
NF30> MF30> LF30, and grew for a long period regardless of differences in binder type and
curing temperature.
3.3 Relationship between Temperature Adjusted Concrete Age and Compressive
Strength
The strength development of concrete is closely related with the maturity (time considering
temperature ingredient) (Fuminori et al., 1991), and this tendency is more pronounced for the
case of a mix proportion using FA (pozzolan material). We studied on the relationship
between temperature-adjusted concrete age（te） and compressive strength （f） (CEB,
1990) which are shown in Equation (1); maturity law.
𝑛𝑛

𝑡𝑡𝑒𝑒 � � ∆𝑡𝑡𝑖𝑖 ∙ exp ������ �
𝑖𝑖��
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Figure 1. Relationship between concrete age and compressive strength in each mix.
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Figure 2 shows the results of the relationship between temperature-adjusted concrete age
and compressive strength for each mix proportion. The results of the regression analysis using
Equation (2) are shown in Table 6 and Figure 2.
f  te  
a  log10 te  b

(2)

Temperature adjusted concrete
age (TACA) (days)

Temperature adjusted concrete
age (TACA) (days)

Compressive
Strength (CS)
Compressive
Strength (CS)

Compressive
Strength (CS)
Temperature adjusted concrete
age (TACA) (days)

Temperature adjusted concrete
age (TACA) (days)

Temperature adjusted concrete
age (TACA) (days)

Compressive
Strength (CS)

Temperature adjusted concrete
age (TACA) (days)

Compressive
Strength (CS)

Compressive
Strength (CS)

Compressive
Strength (CS)

Compressive
Strength (CS)

For N, M, L and BB, the data were regressed in the range with high linearity. “a” and “b”
are regression coefficients obtained from experimental results.
Figure 2 indicates that the relationship between temperature adjusted concrete age and
compressive strength for the mix proportions using FA keeps linearity for one year, while the
relationship not using FA has limited linearity up to 91 days, from which we learn that
strength development by FA continues for a long span of time. In the case of N without FA,
the long term strength peaks at 60N/mm2, while NF15 with 15% of cement replaced by FA
still keeps increasing its strength even at about 80 N/mm2, and NF15 with 30% replaced by
FA does not peak even at 65N/mm2. In the case of N, it was discovered that the effect of
strength increase was greatly enhanced by about 15% replacement of cement by FA.

Temperature adjusted concrete
age (TACA) (days)

Temperature adjusted concrete
age (TACA) (days)

Figure 2. Relationship between temperature adjusted concrete age and compressive strength in each mix.
Table 6. Results of regression analysis for temperature
adjusted concrete age and compression strength.
Symbol

Regression
coefficient
b
a

Correlation
coefficient
R

N

20.1

27.4

0.989

M
L
BB
NF15
NF30
MF30
LF30

26.9
36.3
31.9
18.1
19.5
26.1
31.5

7.2
-10.9
9.5
24.8
11.2
-3.1
-12.5

0.994
0.972
0.983
0.976
0.952
0.971
0.967

Regression interval
Up
to
Temperature
Adjusted Concrete Age
(TACA) 28 days
Up to TACA 56 days
Up to TACA 91 days
Up to TACA 56 days
Up to TACA 364 days
Up to TACA 364 days
Up to TACA 364 days
Up to TACA 364 days

Table 7. Results of regression analysis for temperature
adjusted concrete age and static Young’s modulus.
Symbol

Regression
coefficient
b
a

Correlation
coefficient
R

N

5.61

35.1

0.964

M
L
BB
NF15
NF30
MF30
LF30

6.70
9.69
7.34
4.02
4.61
6.60
8.66

29.9
24.9
32.0
36.0
31.0
26.4
22.8

0.990
0.976
0.972
0.964
0.971
0.974
0.951

Regression interval
up to Temperature
Adjusted
Concrete
Age (TACA) 28 days
up to TACA 56 days
up to TACA 91 days
up to TACA 56 days
up to TACA 364 days
up to TACA 364 days
up to TACA 364 days
up to TACA 364 days
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Table-6 shows the list of calculation results of regression coefficients “a” and “b”. The
larger the regression coefficient “a”, the faster the increase in long-term strength, and the
regression coefficient “b” represents the initial strength. The regression coefficients “a” for
the mixes using FA respectively are close to those of Portland cement as the base material (87
～97% to each cement). As is the case with the ranking of “a” of base cement (L> M> N）,
the ranking of the mix proportions using FA was in the order of LF30> MF30> NF30> NF15,
and the regression coefficient “a” for BB was between that of M and L.
On the other hand, it was found from the ranking of regression coefficients “b” that the
initial strengths of mix proportions are ranked in the order of N> NF15> NF30> BB> M>
MF30> L> LF30. The initial strength of the mix proportion using FA decreases as the initial
strength of the base cement decreases and as the FA replacement rate increases.
3.4 Relationship Between Temperature Adjusted Concrete Age and Static Young’s
Modulus
Figure 3 shows the relationship between temperature adjusted concrete age and static Young’s
modulus, and Table 7 shows the results of linear regression analysis. The range of regression
analysis was the same as that of the compression strength regression analysis in Section 3.3.
The static Young’s modulus tended to develop in the same manner as the compressive
strength. In other words, in the concretes without FA, the regression coefficient “a” was
ranked in the order of L> BB> M> N, and in the concretes using FA, in the order of LF30>
MF30> NF30> NF15. However, it was smaller than the regression coefficient “a” of
compressive strength, generally with a small difference resulting from the temperature
adjusted concrete age. On the other hand, the regression coefficient developed in the order of
N> NF15> BB> NF30> M> MF30> L> LF30, and had an almost same tendency as the
compressive strength, except for the fact that BB was slightly larger than NF30.
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Figure 3. Relationship between temperature adjusted concrete age and static Young’s modulus in each mix
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3.5 Relationship Between Temperature Adjusted Concrete Age and Dynamic Young’s
Modulus
Figure 4 shows the relationship between temperature adjusted concrete age and dynamic
Young’s modulus, and Table 8 the results of linear regression analysis. The range of
regression analysis was the same as in Section 3.3.
From the difference in regression coefficient of “a”, it was confirmed that the dynamic
Young’s modulus developed earlier than the compressive strength and static Young’s
modulus and tended to level off earlier with the age. The magnitude relationship of the
regression coefficients “a” and “b” demonstrated the same tendency as in the static Young’s
modulus.
3.6 Relationship Between Compressive Strength and Young’s Modulus
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Figure 5 shows the relationship between compressive strength and static Young’s modulus,
Figure 6 shows the relationship between compressive strength and dynamic Young’s modulus,
and Figure 7 shows the relationship between static Young’s modulus and dynamic Young’s
modulus.
Regardless of the types of binder or the use of FA, the relationship between compressive
strength and static Young’s modulus and the relationship between compressive strength and
dynamic Young’s modulus were constant. Moreover, the dynamic Young’s modulus tended
to fluctuate less than the static modulus.
Table 8. Results of regression analysis for temperature
The dynamic Young’s modulus is
adjusted concrete age and dynamic Young’s modulus.
generally given by the specimen’s flexural
Regression
Correlation
Regression interval
vibration at which the specimen underwent
coefficient
coefficient
Symbol
R
a
b
resonant vibration. Since this modulus
up to Temperature
represents a status where almost no load
N
5.61
35.1
0.964
Adjusted
Concrete
Age (TACA) 28 days
works, it tends to grow larger than the
M
6.70
29.9
0.990
up to TACA 56 days
static Young’s modulus. (Ohmsha, 2004)
L
9.69
24.9
0.976
up to TACA 91 days
In this experiment, as shown in Figure 7,
BB
7.34
32.0
0.972
up to TACA 56 days
NF15
4.02
36.0
0.964
up to TACA 364 days
the dynamic Young’s modulus was larger
NF30
4.61
31.0
0.971
up to TACA 364 days
than the static Young’s modulus. This
MF30
6.60
26.4
0.974
up to TACA 364 days
LF30
8.66
22.8
0.951
up to TACA 364 days
trend was more noticeable at young ages.
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4 Conclusion
The following two types of concrete, one using three Portland cements (N, M, L) with no FA
and the other using the same cements but partially replaced by FA, at a water-binder ratio of
45% and cured at different curing temperatures, were comparatively studied in terms of the
compressive strength up to one year of age as well as of static and dynamic Young’s moduli,
including an experiment using blast furnace cement B (BB). We compared the data of these
specimens to determine their relationship with temperature adjusted concrete age. The
obtained results obtained are as follows:
(1) The mix proportion with 30% of cement replaced by FA, despite increasing AE agent,
recorded more than 0.5% decrease in air content which is presumably due to the effect of FA’
s unburned carbon.
(2) In the mix proportions (blending) of N, M, L and BB, the higher the temperature, the
faster the strength developed. However, strength increase slowed down early and reached a
peak. On the other hand, the mix proportions (blending) using FA steadily developed longterm strength regardless of the difference in binder and curing temperature, exceeding the
long-term strengths of N and M. Especially N15, which is a mix proportion of N with 15%
FA replacement, did not peak even at about 80 N/mm2 of compressive strength which is 1.3
times N’s peak of 60 N/mm2, and we learned that FA substitution has a high impact on the
compressive strength.
(3) In the mix proportions (blending) using N, M, L, and BB, it was shown that the
strength increased highly correlated with the temperature adjusted concrete age (in logarithm)
up to the moment its growth rate in strength slowed down. On the other hand, the mix
proportions (blending) using FA developed the strength for a long span of time, keeping a
close correlation with the temperature adjusted concrete age.
(4) It was found that for the mix proportions (blending) using FA, the lower the initial
strength of the base cement or the higher the replacement rate of FA, the slower the strength
development and that they demonstrate the characteristics of strength development which
correspond to those of the base cement. The mix proportion (blending) using the binder with a
slower initial strength development tended to result in the larger strength.
(5) Regardless of the use of FA in the mix, the relationship between compressive strength
and static Young’s modulus and the relationship between compressive strength and dynamic
Young’s modulus were constant. The dynamic Young’s modulus demonstrated a larger value
than the static Young’s modulus, and this trend was more conspicuous at young ages.
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Abstract. The volume changes of cement-based composites are significantly exhibited during the
hardening process. Initial phases of the hardening are complemented by the expansion due to the heat
evolution that is subsequently alternated by the shrinkage. Both could cause the crack initiation causing
significant loss of the durability and service-life shortage. The present paper focuses on the experimental
investigation of the surface treatment of fresh concrete, which is applied to prevent sudden loss of the
moisture during a hardening process, especially during the concrete highway construction. The
technology of concrete highway production is extremely costs demanding, but its efficiency is
determined by the longer lifespan in comparison with the asphalt pavement. However, negative impacts
of the drying shrinkage could significantly reduce the durability. The efficiency of used treatment was
investigated in terms of restrained shrinkage tests, water adsorption and mechanical testing. In addition,
there were studied two types of conventional Portland cement. Performed program confirmed great
sense of the curing on the concrete durability; in addition, there was well illustrated the efficiency of
the utilization of blended binder systems in the paper.
Keywords: Concrete Permeability, Drying Shrinkage, Surface Treatment.

1 Introduction
The concrete is the most used material for the construction of civil infrastructure worldwide.
The fundamental part of the structural concrete is Portland cement, which exhibits hydraulic
properties and sufficient mechanical and also durability performance. There is a number of
various types of cements, that are based on Portland clinker, however these cement types were
primarily developed for the specific applications (Aitcin, 2000). For example, blended systems
are preferably used for massive structures for the reduction of total hydration heat and also
volume changes (Lotenbach et al. 2011; Vinkler and Vítek, 2019). On the other hand, due to
rapidly increasing price of human work there are currently preferred technologies limiting
number of craftsmen on the construction site and approaches significantly accelerating the
process of construction.
These technologies often lead to the supressing of specific technological steps, such as
curing. Portland cement based concrete is hydraulic material, which is sensitive for a sudden
loss of moisture during hydration. Surface treatments in form of thin films are applied to prevent
the drying of concrete after its casting, because hardened mass of concrete significantly reduces
its diffusivity. The quality of surface layer of concrete is crucial in relation to the durability,
because this thin part of structure determine final resistance to the impact of external
environment. The deterioration of the concrete “skin” during hardening is the most frequent
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reason of the damage during structure operation. Traditional exhibition of the problem in
concrete surface layer is the presence of micro cracks or tendency to release dust particles.
These failures of concrete surface subsequently lead to the increased transport of water, which
significantly contributes to the gradual degradation of the structure (Reiterman et al., 2019;
Holcapek et al., 2014). The ingress of deicers and freezing-thawing are the main mechanisms
causing the degradation of concrete infrastructure (Glinicki et al., 2016). The effect of frost
causes propagation of cracks and their depth, and deicers, mostly on the basis of chlorides, lead
to the chemical corrosion of concrete, surface scaling and corrosion of the embedded steel
rebars. Hence, the permeability of concrete surface has crucial sense in relation to the lifespan
of concrete structures.

2 Experimental Program
Conducted experimental program was focused on the evaluation of the quality of concrete
surface layer, of which properties were modified by the application of surface treatment to
prevent sudden evaporation of the moisture. This technology is used during the production of
concrete pavement by the roller, and also after production of continues concrete guardrails. This
effect was studied on standard cement mortars with the fraction of sand to cement 3:1, water to
cement ration was set to 0.45. There were used two types of Portland clinker-based cements –
CEM I 42.5 (SC) and CEM II 32.2 B-S, of which properties are introduced in Table 1.
Table 1. Properties of used cements.

Properties
CaO
SiO2
Al2O3
Fe2O3
MgO
SO3
K2O
NaO
LOI
Blaine

CEM I 42.5 R (SC)
63.80 %
20.60 %
4.80 %
3.40 %
1.40 %
3.20 %
0.74 %
0.20 %
1.40 %
311 m2/kg

CEM II 32.5 B-S
50.51 %
27.24 %
7.85 %
2.72 %
3.75 %
2.85 %
0.77 %
0.36 %
1.1 %
345 m2/kg

CEM I 42.5 (SC) is a specific type of Portland cement, produced in Czech Republic, which
is intended for the utilization during the construction of road pavement and transport structures.
Its significant feature is low content of C3A and lower value of specific surface by Blaine. CEM
II 32.2 B-S performs cement with the content of blast furnace slag, which stands out from low
hydration heat, low shrinkage and long-term evolution of mechanical properties.
Fresh mortars were prepared in laboratory mixer and sets of specimens were casted. Standard
prismatic specimens 40×40×160 mm were used for the determination of mechanical properties
in terms of EN 196-1.
Transport properties of cement mortars were studied using cylindrical specimens of height
50 mm and diameter 150 mm. A half of these samples were approximately 5 minutes after
casting sprayed by surface agent to prevent evaporation. A commercial product Novapor HV,
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on the basis of ethoxylated alcohol was used in the program. Recommended amount of the
treatment is 200 – 250 g/m2. A second half of samples served as a reference set. These
cylindrical specimens were subsequently weighed to monitor the loss of the moisture in time.
After 28 days were cylinders extracted from plastic molds, sealed on the lateral sides and they
were subjected to the determination of water adsorption test to assess the surface quality.
Samples were partially wetted into the water basin with downward orientation and the gradual
ingress of water mass was gravimetrically determined.
The loss of the moisture has direct influence on the values of the shrinkage, respectively to
drying shrinkage, because ultimate level of shrinkage is affected also by the mineralogy and
properties of used cements (Davidova and Reiterman, 2020; Deboucha et al., 2017; Nili and
Ehsani, 2015). The dimensions of the ring are rather small, which enables quicker testing of
mortar susceptibility to cracking. The method consists of casting a ring of mortar around a
polished ring of steel and its following spontaneous hardening and drying under normal
laboratory conditions. As the mortar attempts to contract against the restraint of steel ring,
tensile stress develops in the mortar ring and it might crack. The crack initiation is usually
monitored visually in selected time intervals. The mortar rings had cross-section 25 mm in
radial thickness and 38 mm deep. With respect to nature of testing, fresh surface of a half of
samples was treated by surface agent as well. Subsequent drying was conducted only through
upper part of the ring, because the rings were kept in the mold during to test to prevent drying
of the part, which cannot be treated.

3

Results and Discussion

The conducted experimental program was focused on the properties of concrete surface in terms
of the restrained shrinkage and transport properties, which determine final durability of the
concrete and life-span of the structure. Part of the samples was treated by surface agent, which
protect fresh concrete surface from the sudden loss of the moisture. Also two types of cement
with different properties and hydration kinetics were studied in the paper.
Obtained results of the loss of the moisture of all sets of samples are introduced in Figure 1. It
is evident, that reference and treated samples are very sensitive for the evaporation of the water
during initial hours of the hardening, where the effect of the treatment is very low. However,
after the setting, when solid structure occurs, the studied process is controlled by the diffusion,
what well declare obtained curves. There is evident contribution of used treatment from the
long-term point of view. There is also visible difference in the efficiency for single cement
types. In case of blended system was the improvement over 20 %, however in case of pure
Portland cement is the improvement only just about 5 %. It is caused by the different hydration
kinetics; rapid setting is more suitable.
Determination of mechanical properties confirmed expected slower development of
mechanical performance in case of blended cement. Detailed values are introduced in Table 2.
On the other hand, values of compressive strength after 28 days of curing are relatively high.
Nevertheless, high kinetics of the setting usually lead to the cracking. Conducted tests of
restrained shrinkage did not confirmed this hypothesis, what is well visible on Figure 2.
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Figure 1. Monitored loss of the moisture in time.

Sudden change of the strain signalizes the moment of the rupture of mortar ring. The
measurement of shrinkage declared, that mortar made of CEM I 42.5, which is specially
prepared for transport structures, treated by surface agent is well resistant to the cracking. The
remaining set of samples cracked approximately after 30 days of drying. However, it is
necessary to note, that the time of rupture is dependent on the organization of the test. Only
upper surface was exposed to the drying, what significantly extended the rupture time. Previous
experiment declared, that in case of three-side drying, the rupture time could achieve a few
days.
Table 2. Mechanical properties of used cement mortars.

Flexural strength [MPa]
1 day
3 days
7 days
28 days
Compressive strength [MPa]
1 day
3 days
7 days
28 days

CEM I 42.5 R (SC)
2.9
8.1
9.7
9.8
27.4
49.4
57.0
68.1

CEM II 32.5 B-S
1.8
2.7
5.7
9.5
4.6
12.7
24.2
52.7

Results of water adsorption test are shown in Figure 3, there is well visible an improvement
of the impermeability due to applied surface treatment, used type of cement respectively. On
the other hand, obtained differences in non-treated samples are very low, especially up to 15
minutes. Just this short-term water adsorption has significant sense in case of the durability. For
both set of samples was the achieved level of improvement about 20 %.
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Figure 2. Results of the restrained shrinkage tests.

These results document the problem of concrete cracking during production of concrete
pavement. Drying shrinkage, which is controlled by the diffusion, motivates to use binder with
higher kinetics of hydration. On the other hand, higher kinetics contributes to the evolution of
hydration heat and initial chemical shrinkage resulting in microcracks initiation. Generally, it
is necessary to balance both preventive intervention. During past years CEM II 42.5 N/ B-S
was often used during production of concrete pavement, the motivation for the selection of this
type of cement was lower hydration kinetics, which positively mitigates risks of cracking.
However, number of cracks has occurred shortly after the casting. It was caused by increased
finesses of the cement to fulfill a required mechanical parameters, which caused higher
hydration kinetics in comparison with CEM I 42.5.
20
18
Water adsorption (g/m2)

16
14
12
10
8

CEM 42.5 R (SC)
CEM 42.5 (SC) + treatment
CEM 32.5 B-S
CEM 32.5 B-S + treatment

6
4
2
0

0

10

20

30

40

50

60

70

Time (√s)

Figure 3. Results of water adsorption test.
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4

Conclusions

Performed experimental program was focused on the evaluation of the efficiency of surface
treatment, which is applied to prevent sudden evaporation of the water and subsequent progress
of cracks due to drying shrinkage. The program conducted on standard cement mortars
declared, that blended binding systems are prone to loss of the moisture. In addition, blended
cement exhibited higher tendency to cracking in terms of restrained shrinkage test, the studied
surface treatment did not improve this property as well. Achieved results confirmed the
improvement of water impermeability, however short-term water adsorption was nearly similar
for all sets of samples, except of samples made from road cement, which were treated on their
surface; they exhibited slightly lower permeability of the surface layer. Obtained results
indicate suitability of Portland cement, which is produced for the specific application in
transport concrete structures.
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Abstract. The accelerated mortar bar test (AMBT) is used to evaluate the potential expansion of the
aggregate for the alkali-silica reaction. In this test, the aggregate should meet a certain distribution of
particle size. In Uruguay it is usual that for concrete the fine aggregate is constituted by a mixture of
sands, one of coarse size and another of fine size. Therefore, coarse sand must be crushed for the test
and the fine sand is weighted accumulated in the smallest sieve in which there is enough material
according to its particle size distribution. The aim of the work is to evaluate the influence of the particle
size distribution of natural coarse sands, without crushing, in the result of the AMBT test. Mortars with
different grading composition and single particle size were elaborated, and the differences obtained in
the expansion, in the formation of efflorescence on the surface of the bars and in the presence of the
reaction gel in the solution where the bars were immersed were analyzed. A greater expansion was
observed in the samples with a continuous size distribution, compared with a single particle size. In
addition, in the bars elaborated with the largest particle size, a greater amount of gel on its surface and
in the solution was observed. The relevance of the work was to improve the reliability of the result in
the AMBT test to evaluate the reactivity of the natural coarse sand. Natural sands of siliceous quartzfeldespathic origin were evaluated, without pessimum effect.
Keywords: Alkali-Silica Reaction, Accelerated Mortar Bars Test, Natural Sand, Grading Composition.

1 Introduction
Concrete is subject to numerous pathological manifestations during its service life. The origin
of these pathologies is commonly related to their constituents and their interaction with the
environment. The alkali-silica reaction (ASR) is an internal reaction in concrete that occurs
between certain components of aggregates considered “reactive” (opal, chalcedony, quartz,
tridymite, cristobalite, chert and volcanic glass) and ions form the pore solution of concrete
(hydroxyls, alkalis and calcium ions). The reaction products expand in presence of moisture,
causing cracking, displacements, structural deformations, pop-outs and reduction in mechanical
performances. Service life of structures may be severely affected. In addition, the reaction
products can cause leaching stains on concrete surfaces (Nixon and Sims, 2016).
Great efforts have been made to develop test methods to evaluate the aggregate reactivity
and the deleterious degree of the reaction. Nowadays, there are several internationally
recognized standardized tests, such as the accelerated mortar bar test (ASTM, 2014; IRAM,
1997; ABNT, 2009; AENOR, 2018) the semi-accelerated concrete prism test (IRAM, 2013;
Nixon and Sims, 2016) and long-term concrete prism test (with a duration of one year or more)
(ASTM, 2015; IRAM, 2013; ABNT, 2009b). The criteria to define the reactivity of the
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aggregate arises from the expansion obtained after the mortar or concrete bars have been
submitted in an aggressive environment for a predetermined period of time (Nixon and Sims,
2016; IRAM, 2016; IRAM 2013; ASTM 2018; ABNT, 2009b).
In Uruguay, given the availability of natural sands, the fine fraction of the aggregate in the
concrete – portion of an aggregate passing 4.75mm sieve and predominantly retained on the
0.15mm sieve - usually is obtained by two sands, one identified as “fine sand” and the other as
“coarse sand”. Coarse sands present large particle size generally the highest proportion in these
is retained in the sieves of greater aperture (between 2.36 mm and 0.30 mm). The fine sands
usually present particle size between 0.30 mm and 0.15mm. Both types of fine aggregates must
be mixed to form a suitable particle size distribution to be used in concrete.
The accelerated mortar bar test AMBT test consists in evaluating the variation in length of
mortar bars immersed in an aggressive solution of sodium hydroxide at (80±5) °C for a period
of 14 to 28 days. This standard procedure indicates that the aggregate under evaluation shall
have a specific size distribution. The material must be used in a dry condition, previously
washed, with all particle passing through sieve 4.75mm and retained at sieve 0.15mm (10%
retained at 2.36mm, 25% retained at 1.18mm, 0.60mm and 0.30mm and then 15% retained at
0.15mm).
In cases where it is necessary to evaluate the reactivity of a coarse sand-without the presence
or with low quantity of the smallest fractions, the standard’s procedure indicates that it should
be crushed to obtain these fractions. However, the aggregate’s textural and microstructural
characteristics are altered by the crushing process, affecting its reactivity (Cosentino et al.
2011). In addition, when the process is carried out with a jaw crusher, it is difficult to reach the
necessary quantities for the test in particle size smaller than 0.6mm.
The aim of the work was to analyses the influence of the particle size distribution in
aggregate in the expansive behavior of the mortar in the AMBT test and to evaluate the amount
of material leached to the NaOH (sodium hydroxide) solution in which the bars are immersed.
The relevance of the work was to improve the reliability of the result to evaluate the reactivity
of the natural coarse sand, without the need to grind the material.

2 Methodology
2.1 Materials
Two natural sands (identified AGA and AGB) of siliceous quartz-feldespathic origin were taken
from the Santa Lucía river. Both sands present potentially reactive component to ASR and after
being evaluated in the AMBT test have a higher expansion than the limit of 0.10% at 14 days
of immersion and 0.19% at 28 days. They do not have a pessimum effect. Table 1 shows the
characteristics of the sands used.
Both samples have a Fineness Modulus greater than 2.70 and contain a low quantity of
particles smaller than 0.30mm (0.6% in sample AGA and 1.5% in sample AGB). At the same
time, the AGA sand has only 11.9% of particles smaller than 0.60mm. For this reason, they are
identified as coarse sand. In Uruguay these sands are used to produce concrete mixture
combined with another fine sand.
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Table 1. Characteristics of the sand used for the analysis.
Sample Id.
Origin
Summary description
Potentially reactive component to ASR
Expansion in AMBT test (IRAM 1674)
Sieve distribution
Retained at 4.75 mm (%)
Retained at 2.36 mm (%)
Retained at 1.18 mm (%)
Retained at 0.60 mm (%)
Retained at 0.30 mm (%)
Retained at 0.15 mm (%)
Plan
Fineness Modulus

AGA
Paso Pache, Canelones
Natural coarse sand. QuartzFeldespathic sand.
5% of quartz microcrystaline
(smaller size than 0.15mm)
0.147% (14d) – 0.236% (28d)

AGB
Aguas Corrientes, Canelones
Natural coarse sand. QuartzFeldespathic sand.
4% of quartz microcrystaline
(smaller size than 0.15mm)
0.124% (14d) – 0.208% (28d)

6.0
15.5
31.3
35.2
11.3
0.4
0.2
3.69

0.2
2.2
16.4
47.7
31.9
1.4
0.1
2.86

A Normal Portland Cement - identified as CPN by the standard UNIT 20 (UNIT, 2017) was used to produce the mortars. This cement is for general use in concrete and contains only
clinker as the main component, without additions. The samples used have an equivalent alkali
content (Na2Oeq) between 1.16% to 1.29%, an average autoclave expansion of 0.11% and a
specific surface (Blaine) of 330 m2/kg.
2.2 Accelerate Mortar Bars Test (AMBT)
The accelerated mortar bars test was performed according to IRAM 1674 (IRAM, 1997) except
for the particle size distribution of the aggregate which was conformed as indicated in item 2.3.
Three bars were casted for each mortar. The bar sizes were in all cases 25x25x285 (mm x mm
x mm) with a nominal length of 250 mm.
The initial length, the one at intermediate test times - 3, 7, 10, 14 and 21 days - and the one
at the end of the immersion period were recorded for each bar during 28 days of immersion in
the aggressive solution of 1N NaOH at (80±5) °C. The expansion of each bar at a certain
immersion age ti was calculated as the difference between the length at the age ti and the initial
length at t0. This was referred to the nominal length of the bar (250mm) in percentage.
The mortar expansion is calculated as the average expansion of the three bars tested. The
coefficient of variation per sample was calculated to verify the accuracy of measurements of
the different bars, according to the limits indicated by the ASTM C1260 (ASTM, 2014).
2.3 Particle Size Distribution in AMBT Test
Five particle size distribution were analyzed for each sand: four mixtures were fabricated with
a single grading size (2.36 mm, 1.18 mm, 0.60 mm or 0.30 mm) and one mixture (identified as
reference) was fabricated with different grading size composition according to the particle size
distribution and considering the standard procedure but without crushing the sample (Table 2).
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Table 2. Particle size distribution for mixture in AMBT test.
Sieve size
passing retained
AGA
(mm)
(mm) (reference)
4.75
2.36
1.18
0.60
0.15

2.36
1.18
0.60
0.30
pan

10
25
65
-

AGA sample
236
118
600
AGA AGA AGA
100
-

100
-

100
-

300
AGA

AGB
(reference)

100
-

10
25
25
40
-

AGB sample
236
118 600
AGB AGB AGB
100
-

100
-

100
-

300
AGB
100
-

The AGA sample presented low quantities of particles smaller than 0.6 mm. For this reason,
the reference mortar included 10% retained at 2.36 mm, 25% retained at 1.18 mm and 65%
retained at 0.60 mm. In the AGB sample the reference mortar included 10% retained at 2.36
mm, 25% retained at 1.18 mm and 0.6 mm and 40% retained at 0.30 mm.
2.4 Concentration and Chemical Composition of Leachate in NaOH Solution.
The suspended solid content in the NaOH solution in which the bars were previously immersed
during 28 days in AMBT test was determined. This was made by filtering a fraction of the
solution on Filter Paper Grade 43 and quantifying the mass of solids retained in dry condition.
The elemental chemical composition (percentage referred to the mass of the suspended solid
in dry condition) was then determined using a portal X-ray fluorescence spectrometer. The main
interest of this analysis was to detect the presence of silica (Si) in the NaOH solution. This
would be indicating that alkali silica reaction took place, but the gel leached into the solution,
eventually without causing expansion.
The equipment used was considered adequate for this determination. However, it only
quantifies elements with an atomic number greater than or equal to 12 (among the elements that
cannot be detected are sodium, oxygen and calcium).
This analysis was carried out in AGA (reference), 236AGA, 600AGA and 300AGA mortars.

3 Results
3.1 Expansion and Appearance of the Bars in AMBT Test
Figure 1 shows the expansion evolution for mortar bars fabricated with AGA sand samples and
Figure 2 shows the expansion evolution for mortar fabricated with AGB samples.
For AGA (reference) with particle size composition two identical mortars were fabricated
(identified as AGA M1 and AGA M2). At 236AGA three identical mortars were fabricated
(identified as 236AGA M1, 236AGA M2 and 236AGA M3). For 118AGA one mortar was
fabricated (id. as 118AGA M1). For 600AGA two identical mortars were fabricated (id. as
600AGA M1 and 600AGA M2). For 300AGA one mortar was fabricated (id. as 300AGA M1).
For AGB (reference) with particle size composition two identical mortars were fabricated
(identified as AGB M1 and AGB M2). For 236AGA three identical mortars were fabricated
(identified as 236AGB M1, 236AGB M2 and 236AGB M3). For 118AGB two mortars were
fabricated (id. as 118AGB M1 and 118AGB M2). For 600AGA two identical mortars were
fabricated (id. as 600AGB M1 and 600AGB M2). For 300AGA two identical mortars were
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fabricated (id. as 300AGB M1 and 300AGB M2).
0,300

AGA M1 (reference)
AGA M2 (reference)

0,250

236AGA M1
236AGA M2

Expansion (%)

0,200

236AGA M3

0,150

118AGA M1
600AGA M1

0,100

600AGA M2

0,050

300AGA M1
Limit of 0.10% at 14-day

0,000
0

2

4

6

8 10 12 14 16 18 20 22 24 26 28 30
Age of immersion in NaOH solution (days)

Limit of 0.19% at 28-day

Figure 1. Expansion evolution in AMBT test. AGA sand sample.

AGB M1 (reference)

0,300

AGB M2 (reference)
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236AGB M1

Expansion (%)

236AGB M2

0,200

236AGB M3
118AGB M1

0,150

118AGB M2
600AGB M1

0,100

600AGB M2
300AGB M1

0,050

300AGB M2

0,000

Limit of 0.10% at 14-day

0

2

4

6

8 10 12 14 16 18 20 22 24 26 28 30
Age of immersion in NaOH solution (days)

Limit of 0.19% at 28-day

Figure 2. Expansion evolution in AMBT test. AGB sand sample.

Mortar fabricated with grading composition size (reference) according to Table 2 presented
the greatest expansion in both AGA and AGB sand. In these cases, the expansion is above
standard limits considered in AMBT test (0.10 % at 14 days and 0.19 % at 28 days).
Mortars fabricated with a single particle size of 2.36 mm (identification 236AGA and
236AGB) presented the slowest expansion in both sand samples. In both cases, the expansion
is below the standard limits.
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Mortar fabricated with a single particle size of 0.60 mm (600AGA, 600AGB) and 0.30 mm
(300AGA, 300AGB) presented an intermediate expansion. In these cases, all mortars exceeded
the expansion limit at 14 days; while at 28 days some samples present an expansion above and
others below the limit.
In the case of the 118AGA and 118AGB mortars fabricates with a single particle size of 1.18
mm, two of them presented an intermediate expansion (118AGA M1 and 118AGB M1) and
one (118AGB M2) presented a low expansion, similar to 236AGB M1.
During the test and once it was finished, the bars were visually inspected. Cracking on its
surface was not observed to the naked eye but different efflorescence degrees, depending on
the mortar, were observed (Figure 3). In addition, a leachate to the NaOH solution was observed
in some mortars.

Without Image

AGA
(ref.)
(28 days)

AGB
(ref.)
(28 days)

236AGA
M3
(28 days)

236AGB
M2
(28 days)

118AGA
M1
(14 days)

118AGB
M1
(28 days)

-

118AGB
M2
(28 days)

600AGA
M1
(28 days)

600AGB
M2
(14 days)

300AGA
M1
(28 days)

300AGB
M2
(28 days)

Figure 3. Images of bars fabricated with different particle sizes at the end of the AMBT test.

Bars fabricated with a single particle size of 0.30 mm (300AGA and 300AGB) had a small
amount of tiny efflorescence on their surface.
Bars fabricated with a single size of 0.60mm (600AGA, 600AGB) and 1.18mm (118AGA
and 118AGB M2) had the highest amount of efflorescence. However, the surface of the
118AGB M1 mortar looked different from the 118AGB M2 mortar but it was similar to mortars
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fabricated with a single particle size of 2.36mm (236AGA and 236AGB). In those cases, a
discoloration of the surface and leached material in the NaOH solution were observed.
The bars fabricated with the reference mortar (AGA and AGB) presented a discoloration of
the surface, similar to 236AGA and 236AGB.
3.2 Concentration and Chemical Composition of Leachate in NaOH Solution
Concentration and chemical composition of the leachate from the bars to the NaOH solution
were determined. The evaluation was carried out only in mortars fabricated with AGA sand
(Table 3).
Table 3. Leachate in the NaOH solution analyzed.

Id. sample
AGA (ref.) M2
236AGA M3
600AGA M2
300AGA M1

Concentration
g/l
0.91
1.34
0.81
0.01

Chemical composition of elements with an atomic
number greater than or equal to 12 (% referred to the
mass of the suspended solid in dry condition)
Si
Ca
K
S
Al
Fe
22.7
55.2
2.1
1.5
4.6
0.9
18.8
32.9
2.0
1.3
2.1
0.5
8.1
14.1
1.2
2.4
0.4
0.3
-

The 300AGA M1 bars did not present significant amounts of leached material to the solution
(0.01 g/l).
Bars fabricated with 600AGA M2 presented leached material (0.81 g/l). The presence of Si
(silica) was detected in 8.1% using the X-ray technique.
Bars fabricated with 236AGA M3 presented leached material (1.34 g/l). The presence of Si
(silica) was detected in 18.8%.
Bars fabricated with AGA (reference) M2 presented leached material (0.91 g/l). The
presence of Si (silica) was detected in 22.7%.

4 Conclusions
-

-

-

The influence of the particle size distribution on the expansion of the mortar in
AMBT test was observed. The potential reactivity of the aggregate arises from the
expansion parameter. This could lead to erroneous conclusions when evaluating
natural sands considering they do not present a continuous particle size distribution.
For both sand samples, the greatest expansion was presented in mortars fabricated
with different grading size composition (reference) and the lowest expansion was
presented in mortars with a single size of 2.36mm.
At the same sand sample, different behaviors - discoloration, efflorescence, leached
material- were observed to the naked eye according to the particle size composition
in both sands included in the analysis. This difference was caused by a change in
the mortar microstructure. The greatest surface efflorescence was presented in
mortars fabricated with a single particle size of 1.18mm and 0.60mm.
The evaluation of the leachate concentration and its chemical composition allowed
detecting the presence of the silica in the NaOH solution. Bars fabricated with the
smallest size particle of 0.30mm exhibited negligible leachate. However, the bars
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fabricated with the largest particle size of 2.36mm presented the largest amount of
leached material. In this cases silica was detected in the NaOH solution so the alkali
silica reaction took place, but the gel leached into the solution. The evaluation was
performed only on a sand sample (id AGA).
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Abstract. During the second half of last century the forestry-wood chain has evolved and today
ecosystem services in a sustainability framework are important. Forests are intended to provide
services for the bio-economy, human health, biodiversity and climate control. An increased need for
more renewable resources both for material and energy use has initiated extra interest for the potential
to produce more lignocellulosic biomass, in short to increase wood production. One option is to provide
in complementary production in planted forests. Both forestry and agriculture can take part in this. The
cultivation of poplar hybrids in the temperate regions is a key option for the current and future bioeconomy. These fast-growing trees are producing lightweight hardwood with a low natural durability,
but with an important potential as construction material especially as engineered wood products. All
wood protection methods are of interest to be evaluated for this wood resource, making it suitable even
for high quality applications. Poplar, for many reasons, has been nominated as hardwood with the best
potential to perform similarly as softwoods for applications in wood construction. Benchmarking with
wood species like spruce is relevant for several engineered wood products like plywood, LVL and even
CLT. Wood treatments to increase durability have evolved from traditional wood preservation towards
modification techniques such as thermally modified timber. Innovative poplar based products have been
assessed on their performance and are designed to fit for purpose in relation to a specific combination
of use class and service life. Introducing innovative poplar based construction product for green
building requires adequate testing tools. Performance based assessment should allow to integrate
different protective measures. Related to moisture dynamics and the linked fungal decay risk,
opportunities to extend service life are manifold. Treatment can be differentiated e.g. for cladding
(building envelope) and loadbearing construction components. Simple or sophisticated modification
processes can alter the equilibrium moisture content. The use of wood based panels and new engineered
wood products allow for better moisture control impacting fungal decay risk, but also alter the
probability of insect damage. This paper intends to present several innovative poplar based construction
products and show some cases of benchmarking in relation to an integrated service life approach.
Keywords: Poplar, Engineered Wood Products, Wood Protection, Wood Modification.

1 Introduction
In recent decades, the interest for building taller all-timber structures using engineered timber
materials such as cross-laminated timber (CLT) has increased substantially, especially in the
framework of sustainable use of resources and the positive carbon footprint of wood materials.
The specific structure of CLT panels improves the dimensional stability, bending strength and
other mechanical properties, thus enabling its use as load-bearing elements in various
constructions. Especially in Europe, mainly spruce (Picea abies) is used for this purpose, while
other wood species have been largely overlooked. Poplar, for example, is considered a potential
species to be used in CLT as a substitute of spruce. Poplar is of interest as fast-growing tree
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species providing lightweight material. It is a majorly important tree species in planted forests
and agroforestry worldwide.
However, since poplar in general has a very low natural durability, we need to acquire
sufficient knowledge on its behavior when incorporated in CLT. Therefore there is a need to
focus on moisture dynamics (Van Acker 2017), which are in direct relation to the fungal
susceptibility and thus decay resistance and service life of the product. Hence investigations
should deal with moisture sorption properties (including e.g., equilibrium moisture content,
fiber saturation point and thermodynamic analysis) of unmodified and modified poplar
products, and test the fungal susceptibility as well, aiming at incorporation in CLT products.

2 Durability Challenges for CLT (Cross Laminated Timber)
Wood, as a renewable and environmentally friendly material, has been widely exploited and
used in the construction industry. However, sawn wood, timber and lumber have limited
dimensions related to the tree’s dimensions. This can be overcome by producing engineered
wood products and especially mass timber. In recent decades, the interest for building taller alltimber structures using such EWPs has increased substantially. Engineered wood, also called
composite wood, man-made wood or manufactured board, includes a range of derivative wood
products which are manufactured by binding or fixing the strands, particles, fibers, or veneers
or boards of wood, together with adhesives, or other methods of fixation to form composite
materials. Mass timber construction uses large prefabricated engineered wood members for
wall, floor and roof construction that replace steel and reinforced concrete in many building
projects. These products include for example glued-laminated timber (glulam or GLT), nail
laminated timber (NLT) and cross-laminated timber (CLT). While GLT is considered a 1D
element (bar/trusses), CLT is mainly used as 2D element (plate/slab) as shown in Figure 1.

Figure 1. GLT (‘1D’ elements at the left hand side) vs CLT(‘2D’ element at the right hand side). (Canada Wood, 2018)

GLT exists since long and more recently also CLT has become popular. The production of
CLT is about 0.8 million m³ worldwide, with 90% of the CLT production in Europe. An
increase of 10% on an annual basis of CLT as a building product shows potential for not only
softwood species, but also hardwood species. Within the next decade, therefore, CLT could
become as important as glue-laminated timber, and it is likely to extend the limits of tall
wooden buildings upwards. At present, most central European producers are using spruce
(Picea abies) as main wood species in CLT. New studies began to focus on hybrid CLT, where
the hybrid build-up can be designed as a rigid composite with small error on exact analysis. The
novel investigations reveal the potential to overcome low rolling shear properties in cross layers
of mixed softwood-hardwood (e.g. beech and spruce) CLT build-ups for structural elements in
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the building sector (Aicher et al. 2016). These approaches show potential to use also other
species than spruce. New technologies such as CLT (cross laminated timber) have accelerated
the construction of multi-story wooden buildings and weather protection during construction
has not always been used but moisture safety remains important (Mjörnell and Olsson, 2019).
Although CLT is clearly an engineered wood products with great potential and by many
considered adequate for high rise buildings in relation to mechanical and structural properties
as well fire safety (Brandner et al. 2016, Barber 2018) the topic of sensitivity to wood rotting
fungi might be underestimated. Several authors have already indicated that increased moisture
in the framework of building physics, both condensation and leakage cannot be fully avoided
and some preventive protection or monitoring might be required. Treatment options for mass
timber products, particularly cross laminated timber (CLT) remain however to be addressed
(Mankowski et al. 2018). Since wood species currently used to fabricate CLT are non-durable,
and current design standards do not properly address incorporation of preservative treatments
into these systems some experiments using a ground proximity test were proposed. Using mass
timber such as CLT, but also GLT (glulam) and related engineered wood products require
special attention when used in exterior applications (Morris 2015). Already some
recommendations on feasible treatments of CLT have been compiled to increase awareness of
decay risk and possible preventive measures (Wang et al. 2018). For tropical regions this could
even be extra underpinned (Oliveira et al. 2018).

3 Assessing the Potential of Poplar
With the increasing demand of wood materials, plantations or planted forest consisting of fastgrowing tree species increasingly contribute in providing a complementary wood resource and
as such lower the pressure on natural forests. The cultivation of hybrid poplar is an eminent
fast-growing species. As a fast-growing tree species in China (8.5 million ha) and Europe (close
to 1 million ha), the major poplar hybrid plantations are now mainly focusing on plywood
production. For traditional products like plywood, but also constructional timber, poplar or
aspen are readily available. Aspen-OSB is an established product since decades in NorthAmerica. Specific strength and stiffness are interesting characteristics, but the ability to select
quality trees with a major impact on production yield are an asset as well. Today researchers
are reassessing the potential of solid timber products using poplar wood. Dimensional stability
and biological durability are improved using modern wood modification methods besides
traditional treatments. In this respect both glulam and CLT (cross laminated timber) show major
potential eventually in combination with e.g. thermal modification.
In literature, it has been assessed that poplar and poplar products like plywood are considered
non-durable (De Boever et al. 2008), thus protection can be necessary to comply with service
life expectations in harsh environments (Zannutini et al. 2003; De Smet and Van Acker 2006;
Van Acker 2008). When considering moisture dynamics some plywood products can perform
quite well in outdoor conditions without ground contact (Van den Bulcke et al. 2011, Li et al.
2016). The potential of poplar is worth exploring. In some studies, poplar has been assessed as
alternative for softwood to produce glulam, and combinations with other hardwoods are
investigated. One study revealed that the beams composed using a specific eucalyptus clone,
by its own or in combination with poplar, showed outstanding mechanical performance and the
best structural efficiency. Additionally, the bonding quality, at the interface between the two
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species, proved to be excellent (Castro and Paganini 2003). Clearly, poplar is a promising wood
species to obtain enhanced quality in very good products based on both thermal and chemical
wood modification, as well as by several other treating processes used adequately (Fraanje
1998). As such wood protection and modification can increase the potential use of poplar and
poplar products considerably. Some Garnica plywood products developed recently are good
examples (Sufrategui et al. 2016) and prove that they can be used to produce building products
in a fit-for-purpose concept.

4 Innovation and Treatments to Enhance Service Life
Plywood has been the model material to investigate the impact of moisture dynamics on service
life prediction. Plywood outperforms in practical circumstances what can be expected from
fungal testing (Van den Bulcke et al. 2011, De Windt et al. 2018). Although in many cases low
durability wood species are used and the impact on fungal growth of the glue is only
temporarily, many plywood products last quite long in outdoor out of ground contact
applications. The fact that such wood products under use class 3 (EN 335) circumstances can
exhibit limited moisture uptake in combination with ease to dry, is not yet fully considered as
an extra resistance to decay. These moisture dynamics can be assessed as time of wetness
(ToW) and simulated using exterior continuous moisture measurements (CMM) as well as
soaking – drying lab methods as defined in the standard CEN/TS 16818 (Van Acker et al.
2017b). The service life approach combining performance in relation to end use based on
biocidal components, structural properties and moisture dynamics allows anyhow to provide
more info than the simple material resistance only based on natural durability as in EN 350.
This will provide a tool towards better integration of wood protection in the forestry wood
industry chain (Van Acker 2019).
Although poplar CLT based on a range of poplar hybrid timber resources is providing
important parameters for design, a second focus is to select treatments with focus on low level
biocidal treatments, and on low impact thermal and chemical modification that improves
moisture dynamics up to levels suitable for overall or specific conditions in a timber
construction based on poplar CLT. Such treatments need to be explicitly selected based on
minimal requirements and can relate to less than perfect wood protection but fit for purpose
(Van Acker et al. 2017a). Recently Singh et al. (2019) showed that untreated OSB and CLT
based on radiate pine were very susceptible to decay, while LVL was less susceptible. Simple
boron surface treatments are suggested as potential option to lower the risk for decay.
Furthermore this research indicated that moisture sorption behavior is important for
experimental work especially when products treated by selected protection or modification
methods. Such experiments under different experimental conditions (by changing the
temperature and relative humidity) allow to provide equilibrium moisture content (EMC)
modeling based on statistical analysis linked to identified significant effects from the
modification. Empirical models can be compared and selected to fit the data (Jiang 2019)
providing moisture sorption isotherms (MSI). Based on these data hysteresis will be analyzed
and a thermodynamic analysis will be carried out.
To face the durability performance, fit for purpose and environmental challenges, the
concept of introducing innovative engineered wood products is to focus on lightweight poplar,
being at one hand strategically important in European forestry, while at the other hand the
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technology can be transferred to other lightweight hardwoods, as well as softwoods. To achieve
the performance requirements with increased cost-effectiveness, an integrated approach is
applied combining wood modification (wood engineering), protection (preservation and
coating) and fire resistance, the latter governing for many high-end building applications such
as multi-story buildings. This leads into a specific new generation of products which are
emerging: engineered and multi-level treated wood in the form of LVL, CLT, LSL and I-beam
or I-joists made thereof.
Wood modification technologies like acetylation, furfurylation and different thermal
modifications are intended anyhow to alter chemical and physical properties. When carried out
to a sufficient level throughout the wood, these processes protect it from rot by making it
"inedible" to most micro-organisms and fungi, without requiring biocides. It greatly reduces the
wood's tendency to swell and shrink, making it less prone to cracking and ensuring that, when
painted, it requires dramatically reduced maintenance. The innovation potential of engineered
wood products from modified poplar wood is huge. TMT (thermally modified timber) poplar
is already considered a SoA product. However it is always critical on lower mechanical
strength, and therefore a load bearing application can be hard to achieve. Specific research on
THM (thermo-hydro-mechanical) densification treatments on trembling aspen and hybrid
poplar can alter some mechanical properties in a positive sense (Fang et al. 2019) and is
considered an opportunity for future environmentally friendly wood products (Sandberg et al.
2013). This type of treatments are often considered of interest for low density hardwoods (Bao
et al. 2017). Some treatments even do not focus on fungal decay resistance but are intended to
improve delamination resistance (Han et al. 2017).
Contrary to thermal modification, chemical modification of poplar is not yet fully
established. Treatability of poplar can be considered rather straightforward but still requires
some technicalities due to difficult to impregnate transition zones. Chemical impregnation
processes, e.g. with self-polymerizing and crosslinking agents can furthermore imply that the
mechanical strength will be preserved (or even increased) and thus giving the innovative
potential of creating renewable structural building materials from European poplar. Similarly,
the use of low molecular resins can be applied on solid wood but is also valuable for e.g. stand
based products like OSB (Wan and Kim 2004). Chemical modifications and in particular the
curing step when resin treatments are applied, can lead to some embrittlement (Xie et al. 2013).
Building with poplar can be considered a forgotten reality that is picked up recently in an
attempt to use lightweight hardwoods in construction (Kesteloot and Hudel 2016). Poplar CLT
has been explored alongside GLT by several researchers (Kramer et al. 2014, Wang et al. 2014)
and several companies in Europe have recently started producing this product at pilot scale. For
poplar we can integrate all these trends by combining a fast growing wood resource from
specific poplar cultivation, introducing this for construction and applying fit-for-purpose
treatments to enhance material resistance. An example being explored in this context is poplar
CLT, optionally thermally treated when decay could be a risk. Thermal treatment of poplar
wood has been identified as having good potential (De Boever et al. 2016), being however only
one of the options to increase service life under different use classes.
In Table 1 an overview is provided on how the service life of different engineered wood
products could be increased. The different engineered wood products are subdivided in
categories depending on the components constituting the product: strands, veneer and timber.
For each category a wood based panel product as well as a beam like product is used as example.
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The use of durable wood species is clearly related to the use of primarily heartwood which is
often difficult to achieve in full. Vacuum pressure based wood preservation of the final product
is often limited by the treatability. Glue-line additives are mainly useful when thin veneers or
strands need to be protected. A third option related to wood preservation technology is spraying
a diffusible component based product (e.g. borates) on the surface. Modification technologies
might have some impact on mechanical properties and hence not fully adequate for loadbearing
applications, but thermal modification for full panel products and chemical modification of
strands prior to incorporation in a panel is potential technology. Finally resin treatments have
similar or even better potential than glue-line additives and could also be applied as
modification methods for timber based products. Applying coatings to control moisture
dynamics is mainly useful for veneer and timber based products.
Table 1. Options to increase service life of Engineered Wood Products (EWP).

Chemical
modification

+
±
+
±
+
±

+
+
±
+
±

+
±
±
±
±

+
+
+
+
±
±

Coatings

Thermal
modification

±
±
+
+
-

Resin3

Surface
spray2

+
±
+
+

Glue-line
additive

+
±
+
+

Vacuum
pressure1

Timber

OSB
LSL
Plywood
LVL
CLT
GLT

Durable
wood

Veneer

EWP

Component
Strand

+
+
+
+

Legend: +: existing option, ±: feasible option, -: less probable option
1
: deep impregnation with biocides; 2: surface biocide application with potential diffusion, e.g. borates, 3: analogue
to glue used for production or a hydrophobing agent; Abbreviations: EWP = engineered wood product; OSB =
oriented strand board; LSL = laminated strand lumber; LVL = laminated veneer lumber; CLT = cross laminated
timber; GLT = glue laminated timber or glulam.

5 Conclusions and Future Perspectives
The overall concept of introducing innovative engineered wood products based on fast growing
plantation trees like hybrid poplars to achieve results, relate to the following objectives: (1) to
link methodology (service life prediction) and product development (poplar EWP’s – glulam &
CLT; plywood & LVL; OSB and LSL); (2) to focus on European hardwood species; and (3) to
integrate options for untreated and protected products through both biocidal and non-biocidal
treatment. A holistic approach is needed to combine resistance to fungal decay, insect attack,
fire, dimensional stability; in due consideration of different applications: construction (both
loadbearing and not) from damp up to marine environments, interior and exterior applications
(cladding, garden furniture,…), transport (caravans, containers, automotive,…) and their
requirements in terms of time of wetness, aesthetics, weathering, maintenance, long-term
mechanical properties (creep, mechano-sorptive behaviour, impact of treatment), as well as in
terms of life cycle assessment and life cycle costing performance. All wood protection and
modification methods are of interest to be evaluated for this plantation wood resource, making
it suitable even for high quality applications. Poplar, for many reasons, has been nominated as
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hardwood with the best potential to perform similarly as softwoods for applications in wood
construction. Benchmarking with wood species like spruce is relevant for several engineered
wood products like plywood, LVL and even CLT. Wood treatments to increase durability have
evolved from traditional wood preservation towards modification techniques such as thermally
modified timber depending on the performance required or fit-for-purpose in relation to a
specific combination of use class and service life.
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Abstract. Excessive mold development in interior spaces can be the cause of health problems in their
users, as well as of a decrease in the comfort of use of internal spaces. The aim of our study was the
development of a service that can ensure the long-term elimination of the cause and effects of mold in
buildings by using new compositions of materials and finish application techniques. For this purpose,
the most mold-resistant variants of construction material compositions and the technology of their
application were selected. The study features an analysis of 18 variants of samples taken from climatic
boards with various building finishes, which were tested for resistance to three species of mold: A.
versicolor, Ch. globosum and P. funiculosum, under different climate and humidity combinations. The
results of the study pointed to the most effective anti-mold technology. One comprehensive solution
that can improve the conditions of the use of interior spaces is an external wall interior thermal
insulation application system that employs silicate and lime sheets.
Keywords: Mold, Durability, Interior Finishing, Silicate and Lime System.

1 Introduction
Fungi and the remediation of living quarters have been a problem that has accompanied
mankind for many years. Exposure to harmful biological agents in the interior environment
of living quarters has been identified by the WHO as a significant health risk. There is
mounting evidence that mold growth in damp buildings is an important risk factor in the
development of respiratory diseases. Air contamination by biological agents is associated
with moisture and inadequate ventilation. A WHO study (2007) showed that there is a
significant number of European homes that can be affected by mold and damp. Available
publications indicate that in European Union Member States, the problem of mold or damp
affects 10% of social housing (over 14 million cases) (Bonnefoy et al. 2003).
Worldwide observations indicate that in newly-built buildings, over 60% of mold problems
apply to bathrooms, up to 40% to kitchens and only a few percent in other rooms. The
dynamics of the indoor microclimate are related to the finishing materials and the organisms

doi:10.23967/dbmc.2020.227
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themselves, which can in turn affect the materials. For example, porous substances can retain
moisture and provide a reservoir for it, creating spaces with high humidity that are convenient
for mold growth in otherwise dry indoor conditions. Molds are an extensive taxonomic group.
Some of them need small amounts of organic nutrients and can grow on plasters, walls and
construction materials in places with increased humidity (Fedorczak-Cisak et al., 2019;
Fedorczak-Cisak et al., 2020; Radziszewska-Zielina and Śladowski, 2017). Molds develop
actively at elevated mass humidity values, which differ between the species of mold and type
of material (Gutarowska, 2010). Molds cause the biodegradation of building materials, reduce
the aesthetics of the interior, destroy stored products and adversely affect the well-being and
health of people and animals. They develop on surfaces, forming variegated mycelium
deposits, the coloration being usually caused by numerous conidial spores (Gutarowska and
Piotrowska, 2007). The second important factor affecting mold growth is the pH of a material.
In particular, the alkaline nature of materials e.g. a high pH value of around 12-14, has been
observed to show a lack of active growth of mold, which resulted from the existence of
conditions unfavorable to the development of these microorganisms (Andersson et al., 1999).
Excessive development of molds in utility spaces has been observed to cause health problems.
The disease factor, in the form of spores, mycelium or metabolites, enters the human body by
inhalation, ingestion or through the skin. The effects of these factors are not always
immediate, many of them are revealed after a longer period of time (WHO 2009; Nielsen et
al. 1999; Guo et al. 2004).
Control of the occurrence of molds in buildings and its reduction requires a holistic
approach to the construction and occupancy process, taking into account the aspects of
thermal insulation, heating, ventilation and proper finishing of materials, as well as the proper
maintenance of indoor spaces (Radziszewska-Zielina et al. 2020). The use of comprehensive
solutions consisting of the improvement of thermal and humidity conditions in an indoor
space can lead to the elimination or reduction of the causes of fungal infestations. Using an
internal insulation system comprised of Epatherm silicate-lime slabs is one such
comprehensive solution.

2 Materials
Several dozen samples were prepared in laboratory conditions, using various finishing
materials (mortars, thin coat plasters, paints (KFI, etf, acrylic (ap), latex (lp), emulsion (ep)),
while the base consisted of silicate and lime sheets of varying thickness (from 15 to 100 mm).
The proposed thermal insulation sheets include silicone in their composition, which gives
them hydrophobic properties, making them more resistant to dampness and therefore the
development of microorganisms (Hippelein and Rügamer 2004). The resistance of the
analyzed sheets to the effects of molds was also a result of the existence of conditions that are
unfavorable to the development of these microorganisms, particularly stemming from the
alkaline character of the proposed set of materials, e.g. their high pH value of 12-14. In
addition, based on laboratory studies, a lack of application differences was observed in the
case of using these material compositions in atmospheric conditions, i.e. in temperatures
ranging between 5˚C and 30˚C, with a relative air humidity of 40% to 80%. The materials
used in the system are mineral products, composed of lime, quartz sand and water, which
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results in a lack of toxins or other substances that are not allowed in construction.

Figure 1. Layers of the proposed interior thermal insulation application system (www.eximreno.eu).

45 compositions of material and ready-made application solutions with different
construction finishes (Table 1) were examined in the study:
Table 1. Material samples and technologies of their application and finishing.
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Thickness
[mm]
15
15
15
15
15
15
20
20
20
20
20
25
25
25
25
30
30
30
30
30
30
30
30

Finishing

No

factory
priming
priming, mortar m-eti
priming, mortar bs
priming, thin coat plasters ekp
priming, mortar m-eti, KFI+priming KFV
factory
priming etg
priming + mortar m-eti
priming etg, mortar m-eti, etf
priming etg + mortar m-eti + ap
factory
priming
priming, mortar m-eti
priming, mortar bs
factory
priming etg
priming, thin coat plasters ekp
priming etg + mortar m-eti
priming etg + mortar m-eti + etf
priming etg + mortar m-eti + ep
priming etg + thin coat plasters 5w1+ etf
priming etg+ thin coat plasters 5w1+ep

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Thickness
[mm]
30
30
30
30
30
30
30
40
50
50
50
50
50
50
50
50
50
50
50
50
50
60

Finishing
priming etg + mortar m-eti + lp
priming etg + mortar m-eti + ap
priming etg+thin coat plasters 5w1+ap
priming etg+thin coat plasters 5w1+lp
priming etg+thin coat plasters ekp+etf
priming etg + white mortar + gypsum
Priming, mortar, lime paint KFI
priming etg + mortar m-eti
factory
priming etg + mortar m-eti
priming etg + mortar m-eti
priming etg + mortar m-eti + etf
priming etg + mortar m-eti + ep
priming etg + mortar + ap
priming etg + glue
priming etg + thin coat plasters ekp
priming etg+thin coat plasters 5w1+etf
priming etg+thin coat plasters 5w1+ap
priming etg+thin coat plasters 5w1+lp
priming etg + Knauf + ap
priming+thin coat plasters KnaufMP75
priming etg + mortar m-eti

3 Methods
3.1 Resistance to Molds
The study used 18 sets of 45 samples taken from climate boards with different construction
finishes, which were treated with three species of mold: Aspergillus versicolor, Chaetomium
globosum and Penicillium funiculosum in 9 climate combinations. The test was performed in
compliance with American standards (ASTM C1338-08; ASTM International E104-02;
ASTM International D6329-98). According to this document, stable humidity conditions are
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provided by saturated solutions of selected inorganic salts, while the temperature is provided
by external devices. In this study, a refrigerator chamber and an incubator were used. Radiocontrolled thermohygrometers in an environmental chamber were used for the control. The
conditions of the experiment and the means of ensuring them in the environmental chambers
have been presented in the Table 2.
Mycological tests were carried out based on prepared spore suspensions of three selected
molds with a density of 106/ml in two types of media (sterile distilled water and a liquid
medium), which were sprayed on the test samples. The inoculated materials were placed in
environmental chambers with humidity, which were then placed at three temperatures (Table
2). In total, 18 sets of 45 samples with different finishes were used in the study. A
mycological evaluation of the cultures was performed after two days of incubation - 0 determining the recovery of mold without the influence of climatic conditions. Further
assessments of the size of the cultures were performed at 1 and 2 weeks of incubation.
Cultures were extracted from the samples through a 1 cm2 smear of the top layer of the
sample and, after the disinfection of the surface, scraping the material from a depth of 0.5 cm
on a surface of 1 cm2. The cultures were cultivated on two media: Malt Extract LABAGARTM (MEA) and Rose Bengal LAB-AGARTM (RBA) in triplicate. When assessing the
susceptibility of materials to mold, a total of over 20,000 cultures were assessed, while the
total number of records in the database was about 82,000 in total, nearly 823,000 mold
colonies were counted. The results were subjected to a statistical analysis.
Table 2. Conditions of the experiment.
Categories
Low
Low
Low
Medium
Medium
Medium
High
High
High

Temperature [oC]
climatic conditions
refrigerator chamber
room temperature
laboratory incubator

Value
2.6 ±1.0
3.9 ± 0.6
4.7 ± 1.0
22.1 ± 1.4
21.8± 1.2
22.6 ± 1.3
36.4 ± 0.3
36.9 ± 0.2
36.0 ± 0.3

Categories
Low
Medium
High
Low
Medium
High
Low
Medium
High

Relative Humidity (%)
climatic conditions
Value
silicate
44.5 ± 11
magnesium nitrate
80 ± 1
potassium chloride
92 ± 1
silicate
53 ± 1
sodium nitrite
77 ± 1
potassium nitrate
96 ± 1
silicate
23 ± 8
sodium nitrite
57 ± 6
potassium sulfate
86 ± 2

3.2 Statistical Analysis
The authors used one-way analysis of variance (ANOVA) to analyze the relationship between
the number of mold colonies (dependent variable) and the tested variant sample "plate
number" (grouping variable). The dependent variable was measured in various configurations.
An ANOVA test was performed for the following configurations of experimental conditions.
Afterwards, Fisher's multiple comparison tests were conducted for all identified relationships
between the dependent and grouping variables, in order to detect differences between the
means. A default significance level of 0.05 was adopted. The dependent variable was
measured in configurations that were selected based on an analysis of the literature and the
observations made during the seed test. It was found that the samples most exposed to mold
fungi were those with average temperature "TEMP = SR" and high humidity "RH = WYS"
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(Pasanen, 2000) conditions. The statistical analysis took into account the results after the
maximum incubation time of samples from inoculation, i.e. after a period of two weeks of
incubation in the above climatic conditions, "Culture = 2". A suspension in the spore medium
in the MEB medium "IV = P" was selected, at which a higher number of spores was obtained
relative to the spore suspension in sterile water. Spore collection from the sample surface was
carried out using two methods (selected for analysis): a swab from the sample surface "V =
W" and a sample groove to the depth "V = S". RBA "VI = R" medium was selected for
analysis because of the low amount of impurities/infection. It has been proved that
filamentous fungi depend on the presence of organic matter in the environment, they can even
use house dust as a source of nutrition in conditions of high humidity (Buchmiet and
Żakowska, 2009). Primary colonizers of building materials include xerophilic species that
also develop in dry conditions, e.g. fungi of the genera Penicillium and Aspergillus
(Gutarowska and Piotrowska, 2007). The dependent variable analysis was performed
separately for three species of molds: "VII = A" - A. versicolor, "VII = P" - P. funiculosum,
"VII = Ch" – Ch. globosum.

4

Results
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Mean value of
colonies

One of the assumptions of the project was to develop a method of long-term mold removal in
variously used internal spaces, one that could be introduced to the construction market. Over
the course of laboratory research, material compositions with the greatest resistance to mold
growth were selected and then various methods of applying them in actual construction
conditions were analyzed. An analysis of the method of base surface preparation for the
application of the system's sheets was performed, as well as that of their finishing depending
on the type of internal space and the manner of its use. A significant relationship was found
between the variable dependent number of colonies and the sample number (p value <0.05).

h

Figure 2. Experimental setup (sampling - Scraping, A. niger), TEMP = SR, RH = WYS, Culture = 2, IV = P, V
= S, VI = R, VII = A.

For the experimental system (sampling - Scraping, A. versicolor), the analysis of multiple
comparisons includes all samples in which the average number of colonies does not exceed
82.67 in one homogeneous class, H (this corresponds to sample 45). Samples in a
homogeneous class H showed the highest resistance to A. versicolor. Samples 30, 44 and 12
proved to be the least resistant to A. versicolor, etc. (Fig. 2). Compared to variants not
resistant to A. versicolor, samples in the G-F class also showed fungistatic activity against the
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tested mold (Fig. 2). In the case of samples treated with P. funiculosum, variants for which
the average number of colonies does not exceed 31. 33 (this limit is determined by sample
No. 5) were observed to be the most resistant (Figure 3). Analysis of samples exposed to Ch.
globosum found no significant difference between the samples (p value 0.52). Thus, all
samples were observed to behave homogeneously (well) under the selected experimental
setup (Fig. 4).

Figure 3. Experimental setup (sampling - Scraping, P. funiculosum), TEMP = SR, RH = WYS, Culture = 2,
IV = P, V = S, VI = R, VII = P.
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Figure 4. Experimental setup (sampling - Scraping, Ch. globosum)
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Figure 5. Experimental setup (sampling - Swab, A. niger), TEMP = SR, RH = WYS, Culture = 2, IV = P, V =
W, VI = R, VII = A.
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Figure 6. Experimental setup (sampling - Swab, Ch. globosum).

For the experimental system (sampling - Swab, A. versicolor), multiple comparison
analysis classified all samples resistant to A. versicolor into one homogeneous class, G. The
limit of the most resistant samples is determined by option No. 35 (Fig. 5). Additionally for
the experimental system (sampling - Swab, P. funiculosum), multiple comparisons analysis
determined the variants that were the least resistant to the action of P. funiculosum, which
include variant No. 33. The remaining samples were within homogeneous classes B or C (not
presented in figure).
Sample No. 7 was found to be the least resistant to Ch. globosum in this experimental
setup, which is a separate class. For the remaining samples, no significant differences were
observed, placing them all in the B homogenous class (Figure 6).

5 Conclusions
A review of the obtained results has shown that all building materials can be a convenient
substrate for the growth of molds that contribute to their destruction. Therefore, it is necessary
to know the susceptibility of currently used construction materials to colonization by these
microorganisms, as well as the factors that facilitate this process.
Most often, the presence of mold was observed on samples numbered 7, 8, 9, 12, 13, 16,
17, 30, 32, 33, 44. Differences between the ability to grow mold in laboratory conditions were
observed in inorganic materials (gypsum, plaster). The reason for these differences in fungal
growth may have been the presence of additional sources of nutrients that stimulate said
growth, e.g. in the form of dust or a microbial medium.
The results show that variants number 35 and 40, which are characterized by high vapor
permeability (water vapor diffusion coefficient = 3), prevent the development of mold on their
surface. Climatic boards, which have silicone in their composition, which gives them
hydrophobic properties, will be more resistant to moisture, and thus to the development of
microorganisms.
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Abstract. Reinforced concrete (RC) specimens were treated using different combinations of surface
coating and/or patch repair methods and materials, left in a coastal region with frost damage risk, and
their properties characterized after 25 years of exposure. Specimens were prepared by chipping away
concrete from one section of concrete block with embedded reinforcement bars to expose the bars,
followed by patch repair and then surface coating. Four types of material were used for patch repair:
cement mortar, styrene–butadiene rubber (SBR) polymer cement mortar, rust-resistant SBR polymer
cement mortar, and lightweight epoxy mortar. Two types of material were used for surface coating:
multi-layer textured and thin textured coating. Following exposure, cracks were visible only on the
surfaces of untreated specimens, apparently due to rebar corrosion; they were absent from all specimens
that had undergone surface coating and/or patch repair. In addition, the corrosion resistance of these
methods and materials was investigated by measuring and comparing the surface areas of corroded
rebar between three segments: the repaired part, the unrepaired part, and the boundary between them.
Concrete carbonation and rebar corrosion were greatly dependent on surface coating material, with
the multilayer-textured coating especially effective at blocking chloride penetration. In addition, rebar
corrosion was more effectively prevented by patch repair with the SBR polymer cement mortar than
with the lightweight epoxy mortar.
Keywords: Exposure Test, Corrosion, Cracking, Patch Repair Methods, Surface Coating.

1 Introduction
Various recent initiatives around the world have paralleled our transition to a sustainable society.
In the construction industry, efforts have focused on reviewing and optimizing the resource
usage of buildings: to this end, priority has been given to improving techniques to repair,
renovate, and maintain existing concrete structures to extend their lifespan and ensure their
long-term integrity.
Reinforced concrete (RC) buildings are designed with high durability in mind, with
purported lifetimes of over 100 years. The fact is, however, that such structures can show signs
of degradation such as cracking and peeling very soon after their completion, in as little as 10–
20 years. To guarantee the durability and safe usage of RC buildings in the long term, their
susceptibility to different deterioration factors present in their environment should be assessed,
and used to inform suitable management strategies.
The present study models an RC structure located near the coast, at risk of salt damage from
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ambient chloride (Sato. K et.al. 2002) Specimens were initially treated using a selection of
surface coating and/or patch repair methods and materials, left exposed, and then evaluated in
terms of several physical characteristics to characterize the durability afforded by each
combination. Exposure tests were performed in a coastal region of Hokkaido, the cold,
northernmost prefecture of the long Japanese archipelago. Evaluation data from 25-year-old
specimens were additionally compared with those of similar specimens exposed for 4.8 and 8
years.

2 Experimental Overview
Table 1 shows the types of materials used in the repairs. Table 2 details the content and
properties of the concrete; Table 3 shows its mix composition. The concrete used had a 28-day
compressive strength of 30.8 N/mm2.Figure 1 is a structural schematic of the RC specimens.
First, concrete was chipped away from a designated area of the RC slab, which had two
reinforcing steel bars (“rebar”) embedded in it. Next, this area was patched and its surface
coated using a specific combination of materials. Concrete was removed to two different depths
(“chipping depth”), defined relative to the embedded rebar: (A) chipping extended below the
bar, allowing it to be completely covered with mortar, or (B) chipping reached the same depth
as the rebar axis, meaning only half of it was covered with mortar. Figure 2 explains the notation
of the specimen IDs in the Results section. Two-symbol IDs denote RC specimens, while threesymbol IDs denote the rebars embedded in them.
Table 1. Repair materials.
Symbol
Type
N
None
CM
Cement mortar
PS
SBR* polymer cement mortar
PI
SBR* polymer cement mortar with anti-rust additive
LE
Lightweight epoxy mortar
Surface
N
None
coating
L
Thin textured coat
S
Multi-layer textured coat
*SBR: styrene–butadiene rubber
Process
Patch repair

Table 2. Concrete content and properties.
Properties
Ordinary Portland cement
Density: 3.16 g/cm3
Fine aggregate
River sand
Density 2.62 g/cm3, F.M.2.64
Coarse aggregate
Crushed hard sandstone
Density 2.64 g/cm3, F.M.6.71
Air entraining agent
Natural resinate
Rebar
Round steel bars with mill scale and acetone defatting:
φ13 mm, SR235 (SR24) (JIS G 3112)
Materials
Cement
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Target
slump
(mm)

Target air
content
(%)

W/C
(%)

180

4.0

65.0

Table 3. Concrete mix composition.
S/a
Water
Cement
Fine
(%)
aggregate
48.0

185

Coarse
aggregate

kg/m3
862

285

940

AE
(*cement
weight
(%))
0.020

These ‘repaired’ specimens were left at the exposure test site for predetermined lengths of
time (43.025N, 140.53E, ~40 m from coastline: Figure 3). At each timepoint, several specimens
were broken apart and the rebar inside removed to measure the surface area affected by
corrosion (“corrosion area”) and the weight lost due to corrosion (“corrosion mass loss”).
Carbonation depth and chloride penetration were measured in the broken concrete in parallel.
Figure 4 shows the mean monthly temperatures of the region where the specimens were left
exposed.
450

Unit: mm

60
Rebar

Front
Rear

30

140
Repaired
Repaired

60
Border

130
Unrepaired

Border

Unrepaired

30

Bar B

Bar A
Repaired area

26.5
23.5

Border

Unrepaired

Repaired area
Bar B

Bar A

Rebar (front face)
Rebar (rear face)
Epoxy coating

50

100

Exposure surface

40 35

150
35 40

500
25

50

200

200

25

Figure 1. Schematic of RC specimen.
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Figure 2. Specimen notation.

~40 m from coastline

Figure 3. Exposure test site.
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Figure 4. Mean air temperature by month at exposure test site.

3 Results and Discussion
3.1 Carbonation Depth
Figure 5 shows the measurement data for carbonation depth. Carbonation depth was most
affected by the presence of surface coating itself, consistently measured deeper in specimens
whose surfaces had not been coated at all (-N). When present, multilayer textured coating (-S)
provided superior protection to thin textured coating (-L): specimens treated with it experienced
almost no carbonation at all, irrespective of patching mortar type, evidencing its excellent
resistance to carbonation.
20
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Figure 5. Carbonation depth.
3.2 Rebar Corrosion
Once removed from concrete, steel rebar was first visually graded, and then its degradation
quantified by tracing and measuring the surface area of the regions affected by corrosion. Figure
6 contains photos of two bars affected by corrosion taken from a representative specimen (CMN). Corrosion behavior clearly differs greatly between the repaired and unrepaired regions:
interestingly, in the repaired part, it seems dependent on chipping depth (i.e. A versus B rebar).
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←
CM-N
Bar A
Front
CM-N
Bar B
Front

Repaired

→

← Border→

← Unrepaired→

Figure 6. Rebar corrosion (CM-N, 25 years).

Next, rust was removed from the extricated bars by immersion in 10% di-ammonium citrate.
Each bar was sectioned into three parts according to Figure 1 (Repaired, Border, and
Unrepaired), and the corrosion mass loss calculated for each part (Nishimura N. et al.,2012,
Kakegawa, M.et al.,2012). Corrosion speed was then calculated based on the mass loss using
the following equation (Sato K. et al.,2002).
∆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 =

∆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 × 𝑊𝑊𝑊𝑊0
𝜑𝜑𝜑𝜑 × 𝑙𝑙𝑙𝑙 × 𝜋𝜋𝜋𝜋 × 𝑡𝑡𝑡𝑡

(1)

Where ∆Ws is the rebar corrosion speed (10-6g/mm2/y), ∆Wc is the mass loss due to rust
(%), W_0 is the initial weight of the rebar (g), φ is its diameter (13 mm), l is its length in the
part under analysis (mm), and t is the exposure length (year).
Figure 7 depicts correlations of rebar corrosion speed in the unrepaired versus border and
repaired sections. Corrosion was effectively prevented by the repair techniques utilized, by and
large proceeding at slower speeds in repaired than unrepaired rebar. Corrosion speed was quite
high in the border region after eight years of exposure following repair with the rust-resistant
SBR polymer cement (PI). This behavior could be attributable to a macrocell formed by a major
differential in corrosion potential between the repaired and unrepaired parts due to the anti-rust
additive in the mortar. However, the same tendency was not apparent in the 25-year-old
specimens repaired using the same material, suggesting this variation likely originated in
individual differences between specimens.
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Figure 7. Rebar corrosion speed.
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Figure 8 separately depicts the associations between the rebar corrosion area (itself affected
by chipping depth) and corrosion mass loss by type of patching material. Specimens not treated
by patch repair or surface coating (N-N-) experienced major mass loss, directly proportional to
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Figure 8. Rebar corrosion area versus mass loss by repair material and chipping depth.
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corrosion area. In addition, corrosion progressed not only along the surface of rebar, but also
towards its interior. When cement mortar was used for patch repair (CM-), the corrosion area
and mass loss of the repaired region tended to be greater for B rebar than for A rebar. This
suggests that chipping away enough concrete so that the entire area surrounding the rebar can
be coated with patching mortar should effectively protect against corrosion. In addition, the
corrosion area and mass loss of the repaired region were lower when SBR-type polymer
cements (PS, PI) were used as the patching mortar than for lightweight epoxy (LE), evidencing
the former materials’ superior ability to protect against corrosion in patch repairs. Corrosion
was prevented rather poorly by LE: when it was used, corrosion tended to spread widely across
the rebar surface in the repaired region. No matter which material was used for patch repairs,
the usage of multi-layer textured coating (-S-) was associated with significant drops in both
corrosion area and weight loss, suggesting this material effectively resists corrosion and block
the penetration of chloride ions. The only difference between PI and PS is the presence of an
anti-rust additive in the former. Figure 8 shows that both materials well protect against rebar
corrosion in the repaired region, with only marginal benefits afforded by the anti-rust compound.
However, specimens repaired using PI or PS tended to experience greater rebar corrosion
along the border and non-repaired parts, especially in the absence of finish: this suggests the
occurrence of macro-cell corrosion due to differential susceptibility to chloride penetration
between the repaired and unrepaired segments. Notably, the multi-layer textured finish was the
thickest of all types tested, achieving high chloride resistance and little penetration in the border
and unrepaired segments on the whole. This characteristic may be why serious rebar corrosion
was never really observed in the border and unrepaired parts of specimens coated with it.

4 Conclusion
This study’s findings illustrate how the corrosion resistance of a repaired RC structure is
affected by the materials chosen for patch repair and surface coating, as well as by chipping
depth, based on experimental data from exposure tests lasting ~25 years. They can be
summarized as follows:
- Carbonation was most effectively prevented by the multi-layer textured coating material.
- Corrosion protection was greater when concrete chipping extended below the rebar than
merely to the same depth.
- Rebar corrosion, as with carbonation, was most effectively prevented by the multi-layer
textured coating material.
- Rebar was more resistant to corrosion following patch repair with SBR polymer cements
than with lightweight epoxy. However, when surface coating was not performed,
macrocell corrosion may have been triggered by a high differential in chloride
environment between the boundary/unrepaired and repaired regions.
Going forward, the authors plan to analyze chloride penetration depth in order to further
scrutinize its relationship with rebar corrosion.
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Abstract. The purpose of this study was to clarify the internal change of concrete structures during
drying. Therefore, we used X-ray CT to investigate water content and volume changes inside cement
paste specimens during drying. Changes in the CT image intensities and measurements on the images
indicated water content and volume changes, including local changes detected with digital volume
correlation. Next steps will be to understand the link between volume changes and the local water
content.
Keywords: Cement Past, Drying Shrinkage, Moisture Content, X-Ray CT, Digital Volume Correlation.

1 Introduction
Concrete contains a lot of free water. When free water evaporates by drying, volume changes
can occur. Such volume changes due to drying can cause cracks on the surface of concrete
structures, resulting in a decreased durability of the structure.
The estimation of volume changes in concrete have usually been calculated based on the
length change of a specimen (JIS A 1129-3). However, it is not only the shrinkage of cement
paste that should be considered, but also shrinkage and distribution of aggregates also influence
volume changes in concrete, for example Zhanga, W. et al (2013) and Alexander, MG. (1996).
Furthermore, as moisture is transferred from the surface, the moisture content is different
between the surface and the interior. For these reasons, it is difficult to estimate the complicated
volume change only by the apparent externally measured size change of a specimen.
For the above reasons, we considered that a method that can measure the moisture content
and volume change inside concrete in three dimensions (3D) is necessary. Previously, Sant, G.
and Weiss, J. (2009). and Hong, S., et al (2019) used an X-ray CT apparatus to mesurement
changing of water content and cracking inside the specimen. T. Fumoto also developed an Xray CT system to estimate moisture content and composition of concrete after high temperature
heating and to measure 3D volumetric strain fields in concrete under loading stress, for example
Fumoto, T. and Hall, S (2019) and Fumoto, T., Mizuno, S. and Ozawa, M. (2016). Here we
extend this previous work to examine the moisture content and volume change inside specimens
during drying.
In this study we performed a length-change test on a cylindrical specimen of cement paste,
which is a basic approach for measuring drying shrinkage, but we study the distribution of
volume changes inside the sample using X ray CT and make image measurements at different

doi:10.23967/dbmc.2020.093
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stages of the drying.

2 Experiment Methods
2.1 Specimen
To maximise the possibility of being able to make 3D measurements of the internal specimen
changes during drying, a paste specimen that would give a large volume change was prepared.
In addition, to study the effect of aggregates (crushed stone, in this case) on the internal
deformation, paste specimens were prepared with a particle of crushed stone or crushed brick
placed in the centre. Only a single particle was included to be able to visualize the effects around
the aggregate without the influence of adjacent particles.
Table 1 shows the mixture proportions of the paste used in this study. In addition to ordinary
Portland cement, zirconia balls with a particle size of 0.3 mm (density 6.07 g / cm3) were mixed
into the paste (the samples had 0.75% of the paste volume as zirconia balls) to provide more
enhanced intensity patterns in the tomography images for improving the accuracy of the image
measurements.
W/C
(%)
60

Table 1. Mixture proportions of paste.

Water
652

Cement
1088

Unit content (kg/m3)
Thickener agent
Thickener agent
32.6
0.326

Zirconia ball
45.4

5 L of paste was mixed in a planetary mixer, from which three specimens were made. Figure
1 shows an image of one of the specimens and the coordinate system used. The dimensions of
the specimens were 75 mm in diameter and 144 mm in height. When placing the paste into the
moulds, bolts with a diameter of 6 mm and a length of 35 mm were attached to the upper and
lower surfaces of the specimen. For two specimen, crushed stones (surface dry density 2.63g /
cm3, water absorption 1.6%, particle size about 30mm) and crushed bricks were placed in the
centre in a saturated surface‐dry condition.
The samples were demoulded the next day and, immediately after, an epoxy resin was
applied to the upper and lower surfaces of the specimen so that moisture could escape only from
the sides. In addition, a PVC pipe embedded with 12 ceramic balls (diameter 5 mm) was
attached to each specimen to reduce mechanical errors and enabling an affine transformation to
align images, following Ura, T., Fumoto, T and Takehara, K. (2016). The PVC pipe had 32
holes, with a diameter of 1 cm, arranged from the vertical-centre to the bottom to not prevent
moisture dissipation. The specimens were stored in a constant temperature and humidity
chamber at a 20 ± 1 ° C and a humidity of 60 ± 5%.
2.2 Measurement Method
Length change measurements and X-ray CT scans were performed after drying periods of 0, 5,
8, 13, 21, 35 and 134 days. Shrinkage strain was measured according to the measurement
method of JIS A 1129-3. The X-ray CT imaging was performed using an apparatus that were
shows in Fumoto, T. (2013) in detail. For each CT measurements, the center height of the
specimen ± 35mm was scanned using the imaging parameters shown in Table 2 and with a
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cubic image voxels with a side length of 0.123 mm. 3D deformation measurements inside the
specimens were made using digital volume correlation (DVC) with the software TomoWarp2
of Tudisco et al.(2017). For the DVC measurements, the correlation window for the correlation
calculation was a cube of about 3 mm side length and the distance between correlation windows
(the node spacing) was about 1.5 mm.
Table 2. X ray scan condition.

Tube voltage
(kV)
170

frame rate
(frame/sec）

Tube current
(µA)
100

Y direction
(front side)

projection

4
90
75

Plastic pipe

2000

0.123

cupper plate
(mm)
3

Mortar

91

Ceramic ball

35

Z direction

50

Z direction

144
25 25

40

35

X direction

Resolution
(mm)

Unit: mm

100

Stainless steel

Figure 1. Design and photo of the specimen.

From the measurement results, the apparent length change of the specimen and the internal
volumetric strain distribution were calculated. The apparent length change was calculated from
the average value of the DVC-derived z-displacement in two cross-sections positioned at ± 20
mm from the centre in the z-direction and dividing the difference between these values by 40
mm. DVC strains were determined from the difference of displacement between adjacent
subsets and the local volume strain was calculated by,
εvol = εx + εy + εz

(1)

where x, y and z are the normal strains in each direction.
In the X-ray CT images, the intensity indicating the relative value of X-ray absorption is
affected by the density and composition. Since the apparent density decreases due to drying
from the side of the specimen, the apparent density reduction may be indicated as a decrease in
the intensity of the X-ray CT image. Therefore, the moisture content variations were estimated
using the intensity distribution in the radial direction over a series of concentric virtual cylinders,
centred on the axis of the sample, of 2.5 mm thickness and spanning a height of ± 25 mm from
the z-direction centre of the specimen in the X-ray CT images. The average value of the
intensity distribution was calculated over each cylinder, and the transition of the average
intensity from the surface to the inside of the specimen was calculated.
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3 Experimental Results and Discussion
3.1 Shrinkage Strain
Figure 2 shows the shrinkage strain as a function of time obtained from the length change
measurements. In the case of the paste, shrinkage strain began to increase from the start of
drying and increased linearly until the drying period of 35 days, reaching about 3200 × 10-6.
After that, the shrinkage strain increased to about 6000 × 10-6 after 134 days of drying and
appear to have reach a steady state. The length change for the crushed stone and crushed brick
samples was smaller than that of the paste by about 500 × 10-6 at 35 days and about 300 × 10-6
at 134 days of drying. This is considered to result from the reduced paste volume due to the
presence of the stone/brick particles.

-6

Shrinkage strain (x10 )

0

Length change test
Paste
Crushed Stone
Crushed Brick

-1000
-2000
-3000
-4000
-5000
-6000
-7000
-8000 0

Result of DVC
Paste
Crushed Stone
Crushed Brick

20

40

60 80 100 120 140 160
Drying piriod (day)

Figure 2. Drying period vs length change.

The apparent length change calculated from the DVC calculation has been included in Figure
2. For the paste, the DVC calculated value was larger than length change value until 35 days of
drying period, but it converged to the the same value by the end. On the other hand, for the
crushed stone, the DVC calculated length change was about 1000 × 10-6 smaller, and for the
crushed brick it was about 1700 × 10-6 smaller. These tendencies are attributed to the fact that
the DVC-based calculation of the length change considered the z-direction displacement over
the entire cross section of the specimen and, thus, included changes in the drying condition
from the surface as well as expansion due to cracks.
3.2 Observation of X-Ray CT Images
Figure 3 shows XZ cross-section images for each drying time the three samples. For the paste
sample, the image intensity is seen to decreased as the drying period increases and the specimen
has only a small crack after 35 days of drying. However, for the samples containing a particle,
cracks can be seen at early drying stages, which became longer and wider as the drying
progresses. Some of the cracks appear to have occurred at positions where there is an abrupt
change in the particle surface angle. These cracks are thought to have formed due to constraints
through adhesion at the particle surface.
Figure 4 shows the intensity change as a function of position from sample surface for the
paste specimen. The intensity can be seen to have decreased near the surface at 5 - 8 days of
drying. After about 8 days, the intensity changed significantly near the centre. After 134 days
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of drying, the intensity reached almost the same value at the centre as at the surface. As shown
in Figure 2, it is expected that the water movement had reached an equilibrium by this time.
Figure 5 shows the intensity rate based on intensity difference between saturation and
equilibrium, which can be regarded as the rate of water reduction until reaching equilibrium
under this condition. After drying for 5 days, 5 - 50% of the water up to 20 mm depth evaporated
through the surface. After 13 days of drying, the water content in the first 5 mm in depth reduced
very slowly. On the other hand, the water from more than 5 mm in depth moved rapidly.

Figure 3. XZ cross-sectional images for each dry material age for paste, crushed stone, and crushed brick.

Reduction of intensity

0
-1000
-2000
-3000
-4000
-50000

Paste specimen
Drying piriod
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35day
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13day
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10
15
20
25
30
35
Distance from side of specimen(mm)

Figure 4. Intensity change from surface.
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Figure 5. Intensity rate based on intensity difference between saturation and equilibrium.

3.3 Measurement Results Using DVC
Figure 6 shows the volumetric strain distribution inside the 3 specimens based on DVC
measurement.
In the case of the paste specimen, there was no particular change over the first 8 days drying
period. However, the shrinkage strain region can be seen to extend from the side surface after
13 days and extends to about 20 mm depth from the side at 21 days. From 35 to 134 days of
drying, the shrinkage strain region widened on the whole. Localised regions of high dilation
indicate the formation of cracks.
In the case of the specimens containing the particles of crushed stone and crushed brick, it
can be seen that the shrinkage strain increased with drying, as in the case of paste. However,
after 35 days of drying, the shrinkage strain around the particles appears to be smaller than in

Figure 6. Volumetric strain distribution inside the specimen based on DVC measurement.

1516

Takayuki Fumoto, Masaru Abuku and Stephen A. Hall

other regions. Several areas of minor dilation can be observed after 8 days of drying which
evolve to cracks in the later stages, these appear to form from the particle surfaces early in the
drying sequence and then their width increases with further drying. It is likely that the cracks
initiated at the particle surfaces due to adhesion between the particles and the paste constraining
the shrinkage process.
The results presented above show that the shrinkage strain distribution in the cement paste
due to drying from the surface could be measured. In addition, the relaxation of the shrinkage
strain was observed around particles, but it was obscured, in part, due to the occurrence of
cracks. In future work, specimens that do not crack easily, such as mortar specimens, could
avoid this issue.
In addition, the results for the paste specimen in Figures 2 and 3 show that a noticeable
shrinkage strain occurred when there was over 50 % difference in the moisture content between
saturation and equilibrium. This is considered to indicate that relationships between the internal
moisture and volumetric strain can be investigated using X ray CT.

4 Summary
The purpose of this study was to perform length change tests on cylindrical specimens of
cement paste using X ray CT as a basic study for measuring drying shrinkage distribution inside
concrete and to make measurements using X-ray CT images at different stages of drying. The
key conclusions from this work are:
-

it was shown that the moisture content inside the paste specimen could be estimated
from the intensity changes in the X-ray CT images;
measurement by DVC analysis of the X-ray CT images showed volumetric shrinkage
strain distributions inside the paste specimen and the process of cracking due to the
restrictions by the aggregates;
By integrating the results on image intensity changes and the volumetric strain, it will be
possible to clarify the coupling of the local the volume change and the local water content
change inside a specimen.
In this study and the given conditions, a noticeable shrinkage strain occurred when the
of the difference of moisture content between saturation and equilibrium was above 50 %.

In summary, this study has demonstrated that internal moisture movement and volume changes
due to drying can be considered by image measurements on X-ray CT images, which opens the
door to further investigations in the future.
Acknowledgment
This work was supported by JSPS KAKENHI Grant Number JP17K06522.
ORCID
Takayuki Fumoto: https://orcid.org/0000-0001-8478-4145
Masaru Abuku: https://orcid.org/0000-0001-7090-4732
Stephen A. Hall: https://orcid.org/0000-0002-5232-4942

1517

Takayuki Fumoto, Masaru Abuku and Stephen A. Hall
Reference
Alexander, MG. (1996). Aggregates and the Deformation Properties of Concrete, ACI Materials Journal, Vol. 93,
No. 6, pp. 569-577.
Fumoto, T. (2013). Development of a new Industrial X-Ray CT System and its Application to Compression Test
of Polymer Concrete (in Japanese), Journal of Japan Society of Civil Engineers E2 (Materials and Concrete
Structures), Vol. 69, No. 2, pp. 182-191. doi: 10.2208/jscejmcs.69.182
Fumoto, T. and Hall, S (2019). Deformation of Mortar around an Aggregate in a Trial Specimen Under
Compressive Stress Using X ray CT and DVC, International Conference on Tomography of Materials &
Structures.
Fumoto, T., Mizuno, S. and Ozawa, M. (2016). Evaluation of Fire Damage Distribution of Concrete by X-Ray
Computed Tomography, Fourth International Conference on Sustainable Construction Materials and
Technologies, http://www.claisse.info/Proceedings.htm
Hong, S., Liu, P., Zhang, J., Xing, F. and Dong, B. (2019) Visual & quantitative identification of cracking in
mortar subjected to loads using X-ray computed tomography method, Cement and Concrete Composites, Vol.
100, pp. 15-24. doi: 10.1016/j.cemconcomp.2019.03.010
JIS A 1129-3 (2010). Measuring method for length change of mortar and concrete-Part 3: Dial gauge method.
Sant, G. and Weiss, J. (2009). Using X-Ray Absorption to Assess Moisture Movement in Cement-Based Materials,
Journal of ASTM International, Vol. 6, No. 9, pp. 1-15, doi: 10.1520/JAI102234
Tudisco E., Andò, E., Cailletaud, R. and Hall, S. (2017). TomoWarp2: A local digital volume correlation code,
SoftwareX, Vol.6, pp. 267-270, 2017
Ura, T., Fumoto, T and Takehara, K. (2016). Basic research on accuracy of internal displacement measurement
using the newly developed X-ray CT system (in Japanese), Proceedings of the Japan Concrete Institute, Vol.38,
No.1, pp.429-434.
Zhanga, W., Zakariaab, M. and Hama, Y (2013). Influence of aggregate materials characteristics on the drying
shrinkage properties of mortar and concrete, Volume 49, pp. 500-510.

1518

Chunyu Qiao and
Microstructural
Evaluation
David Rothstein
of Durability of Different Cementitious Mixtures in Microbial Induced Corrosion Environments
XV International Conference on Durability of Building Materials and Components
DBMC 2020, Barcelona
C. Serrat, J.R. Casas and V. Gibert (Eds)

Microstructural Evaluation of Durability of Different Cementitious
Mixtures in Microbial Induced Corrosion Environments
Chunyu Qiao1 and David Rothstein2
1
2

DRP, A Twining Company, 80301-Boulder, USA, joe@drpcinc.com

DRP, A Twining Company, 80301-Boulder, USA, petro@drpcinc.com

Abstract. Sound and durable concrete mixtures are essential in environments where microbial induced
corrosion (MIC) is a concern. In this study three concrete mixtures prepared with different binders
(ordinary portland cement (OPC), calcium aluminate cement (CAC) and alkali-activated cement (AAC)
were petrographically examined after exposure to laboratory-controlled MIC conditions. Analytical
techniques included reflected light microscopy, polarized and fluorescent transmitted light microscopy
(FLM) and scanning electron microscopy equipped with an energy-dispersive X-ray spectrometer
(SEM/EDX). SEM/EDX analyses obtained from the same areas provided information on chemical and
mineralogical alteration, while quantitative image analysis with FLM affords an opportunity to quantify
the variation in capillary porosity of the paste within alteration zonation. The microscopic observations
indicate that the change in normalized capillary porosity coincide broadly with different alteration
zones, which are in turn dependent on the type of binder. The OPC concrete shows the greatest
deterioration where the paste is largely replaced by gypsum and high capillary porosity is lined to
leaching of a calcium. The formation of ettringite densifies the paste and lowers the capillary porosity
inboard of the gypsum zone in the OPC concrete. The CAC and AAC mixtures show better resistance to
leaching than the OPC mixture, which explains their superior resistance to MIC. These findings are
consistent with independent macroscopic observations that indicate the OPC mixture deteriorated more
rapidly and severely than the CAC and AAC mixtures.
Keywords: Microstructure, Fluorescence Microscopy, Microbial Induced Corrosion, Cementitious
Materials, Image Analysis.

1 Introduction
Microbial Induced Corrosion (MIC) is a significant concern for the condition of concrete
infrastructure elements in a variety of environments (Grengg et al., 2015). There is a
longstanding recognition that one of the most significant of these environments include
wastewater treatment plants (WWTP) and sewer lines, where biological activity from bacteria
such as Acidithiobacillus thiooxidans lead to rapid rates of deterioration as hydrogen sulfide
gas forms sulfuric acid on concrete surfaces above flow lines in sewers and in digesting basins
within WWTP (Parker, 1945). In the United States, much of the concrete WWTP infrastructure
was built in the 1970s and is approaching its design life of ~ 50 years. Prolonging the use of
these facilities and the sustainability of the built infrastructure requires the use of sound and
durable repair materials. Because these repairs are often the responsibility of local
municipalities with limited financial resources, repair and remediation strategies and materials
must also be economically viable.
This study assesses the resistance of three of the most commonly used and widely available
(and therefore economic) materials for WWTP facilities: ordinary portland cement (OPC),
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calcium aluminate cement (CAC), and alkali activated fly ash and slag (AAC). Optical and
electron microscopical methods are used to characterize the response of these materials to MIC
simulated in a biogenic corrosion chamber. In particular, we use fluorescence light microscopy
to measure the evolution of the capillary porosity of the different binders as they undergo MIC.

2 Mixtures and Experimental Procedures
2.1 Mixtures
This study investigates three concrete mixtures made with different binders: ordinary portland
cement (OPC), calcium aluminate cement (CAC), and alkali activated fly ash and slag (AAC).
Table 1 summarizes the mixture proportions used to produce specimens that were cast in molds
measuring 400 mm by 100 mm by 100 mm. The specimens were demolded after 24 hrs and
then cured in a moist room for OPC concrete, in water for CAC concrete and in a regular room
for AAC concrete. All of the specimens were cured for 28 days at 22 ± 1 °C. Coupons that
measure 100 mm by 70 mm by 70 mm were cut for the biogenic acid exposure testing.
Table 1. Mixture Proprotions of three concretes (kg/m3).
Binder
Coarse aggregate
Fine aggregate
Water
w/b

OPC concrete
450
1025
730
160
0.36

CAC concrete
450
1035
768
189
0.42

AAC concrete
450
1045
790
195
0.43

2.2 Experimental Procedures
The exposed surface of each coupon was pre-treated to facilitate the growth of the acidophilic
microorganisms prior to placement in the corrosion chamber. This involved spraying the surface
with sulfuric acid (H2SO4) to reduce the surface pH to 2 – 4. The coupons were then partially
submerged in real sewage water in an enclosed chamber at 25 °C and 100% relative humidity
(RH). The exposure test lasted for 12 months. The coupons were then removed from the
chamber and washed to remove loose material. Measurements of the mass of the coupons
before, during and after the exposure testing indicated the most significant mass loss and
deterioration on a macroscopic scale in the OPC, followed by the CAC and then the AAC.
A slab representing a cross section of each coupon was cut, lapped and polished with
progressively finer diamond-embedded pads following procedures outlined in ASTM C457.
The polished slabs were oven dried overnight at ~ 40°C and examined using Nikon® SMZ-25
stereomicroscope following ASTM C856.
A billet measuring 40 mm by 25 mm in area was cut from the remaining portion of each
coupon. The billets were rinsed in an aqueous solution, oven dried overnight at ~ 40°C and then
vacuum impregnated with an epoxy containing a fluorescent dye. Thin sections were prepared
from the impregnated billets using a Pelcon® Automatic Thin Section Machine. The thin
sections were examined using a Nikon® E-Pol 600 petrographic microscope. Images were
obtained in fluorescence mode and image analysis software (Image J) was used to create grayscale images and make measurements of the capillary of the paste.
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Another billet impregnated with fluorescent epoxy was cut and polished for examination
using a FEI™ Quanta 250 Environmental Scanning Electron Microscope (ESEM) coupled with
an EDAX® Apollo X Silicon Drift energy dispersive X-ray spectrometer (EDX). The specimens
were examined under low vacuum conditions (~ 70 Pa) with an accelerating voltage of 15 kV,
a spot size of 5 and a working distance of ~ 10 mm.

3 Results and Discussions
3.1 OPC Concrete
Leemann et al. (2006) used fluorescence microscopy to investigate variations in porosity across
the interfacial transition zone (ITZ) in self consolidated concrete. A similar analysis is
performed in this paper to measure changes in capillary porosity across alteration zones. As a
benchmark, the grey level histograms of paste (in Fig. 1a) and a void (in Fig.1b) were analyzed
and statistically fitted assuming normal distributions, as shown in Fig. 1c. Since the void in Fig.
1b is filled with epoxy containing a fluorescent dye and has 100% porosity, a “normalized
capillary porosity” of the paste is proposed by normalize the mean grey level of the paste to that
of the air void. The standard deviation is used as the error bar, as shown in Fig. 2g.
Optical and scanning electron microscopical examination of the sample revealed several
distinct mineralogical and chemical alteration zones (Fig. 2a-2e). The alteration zones are as
follows, moving inward from the exposed surface: (a) coarse-grained gypsum; (b) mediumgrained gypsum; (c) a transition zone with ettringite and iron oxide staining; (d) a carbonated
zone; and (e) a zone of calcium leaching. Fluorescent transmitted light microscopy reveals
changes in the capillary porosity of the paste in these zones (Fig. 2f-2g).
The alteration of the OPC concrete is typical of biogenic sulfuric acid attack commonly
observed in OPC concretes exposed to MIC. Menéndez et al. (2013) described a sequence of
reactions typical of these environments. The formation of gypsum (CaSO4•2H2O) consumes
calcium hydroxide (Ca(OH)2) and calcium silicate hydrates (CSH) in the paste matrix. The
leaching of cementitious phases and deposition of gypsum produces a higher capillary porosity
in Zone (a) and Zone (b). In particular, because Zone (a) is in contact with an acidic solution,
there is widespread dissolution of CSH and a dramatic increase in capillary porosity (Fig. 2g).
Ettringite forms in Zone (c) because the pH sufficiently high to stabilize it this far inboard of
the exposed surface. The iron staining in Zone (c) is due to the oxidization of iron-bearing
accessory minerals in the aggregate that is mainly basalt and andesite. These reactions are
expansive, which lowers the capillary porosity inboard of the outer alteration zones, compared
to that of the intact paste (Fig. 2g). The carbonated zone, which is relatively thin, also shows
decreased capillary porosity. Inboard of the carbonated zone, the leaching of Ca2+ in Zone (e)
results in a slight increase in capillary porosity, compared to the intact paste (Fig. 2g).
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Figure 1. Determination of normalized capillary porosity in OPC: (a) paste; (b) voids; (c) grey level histograms
(a)

(b)

(c)

(d)
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(e)

(f)

(g)

Figure 2. Alteration zones in OPC. (a) Reflected light photomicrograph of the polished surface; (b) transmitted
plane-polarized light photomicrograph of the thin section; (c) backscatter electron image of alteration zones; (d)(e) EDX elemental maps for S and Ca, respectively; (f) transmitted fluorescent light photomicrograph of the thin
section; (g) Line plot showing changes in grey level and capillary porosity of the paste in the alteration zones

3.2 CAC Concrete
Fig. 3a-3d shows the alteration of the CAC concrete exposed to MIC revealed by optical and
electron microscopy. The alteration zones are as follows (inwards from the exposure surface):
(a) a zone of pervasive cracking with deposition of gypsum (in Fig. 3a), which was lost on the
thin section during the sample preparation (in Fig.3b); (b) a transition zone that contains
gypsum, ettringite and iron oxide staining; and (c) sulfate diffusion zone. As shown in Fig. 3f,
the capillary porosity of the paste decreases from the intact paste to Zone (b). This indicates the
sulfate attack lowers the capillary porosity to some extent before there is sufficient internal
expansion to crack the concrete.
The main hydration products of the CAC concrete depend on the curing conditions (RH and
T), w/b ratio and curing time (Schmitt et al., 2000). The main hydration products of CAC
concrete (cured in water at 22 ± 1 °C) include hydrogarnet (3CaO×Al2O3×6H2O, C3AH6) and
gibbsite (Al(OH)3, AH3). Khan et al. (2019) described the alteration of CAC in such
environments. The most significant reactions involve the formation of gypsum and gibbsite
from hydrogarnet in the presence of sulfuric acid. These reactions are expansive and lead to
cracking in Zone (a). In the transition Zone (b), gypsum reacts with hydrogarnet to form
ettringite (Khan et al., 2019), which densifies the microstructure of the paste before the internal
stress cracks the concrete. This explains the lower capillary porosity in Zone (b) and Zone (c),
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compared to the intact paste (Khan et al., 2019; Nishikawa et al., 1992).
(a)

(b)

(c)

(d)

(e)

(f)

Figure 3. Alteration zones in the CAC concrete. (a) Reflected light photomicrograph of the polished surface; (b)
transmitted plane-polarized light photomicrograph of the thin section; (c) backscatter electron image of alteration
zones; (d) EDX elemental map for S; (e) transmitted fluorescent light photomicrograph of thin section; (f) Line
plot showing changes in grey level and capillary porosity of the paste in the alteration zones.

3.3 AAC Concrete
Fig. 4a-4d shows the alteration zones observed in the AAC concrete exposed to sulfate attack.
Similar to the alteration observed in CAC concrete, the alteration in AAC concrete involves the
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following: (a) a zone of pervasive gypsum deposition and cracking; (b) a transition zone that
contains a mixture of gypsum, ettringite and iron oxide staining; and (c) a sulfate diffusion zone.
Calcium (alkali) aluminosilicate hydrate (C-(N)-A-S-H) and monosulfate (AFm) are two of the
main hydration products in AAC concrete (Myers et al., 2017). These react with H2SO4 to form
gypsum, which results in pervasive gypsum deposition, leaching of the paste and cracking in
Zone (a). Higher capillary porosity was observed in Zone (a) compared to that of the intact paste
(Fig. 4e-4f). In the transition Zone (b) and diffusion Zone (c), the formation of ettringite from
AFm densifies the microstructure and a lower capillary porosity, compared to that of the intact
paste, is observed.
(a)

(b)

(c)

(d)

(e)

(f)

Figure 4. Observations of alteration zones in the AAC. (a) Reflected light photomicrograph of the polished
surface; (b) transmitted plain-polarized light photomicrograph of the thin section; (c) Backscatter electron image
of alteration zones; (d) EDX elemental map for S; (e) transmitted fluorescent light photomicrograph of the thin
section; (f) Line plot showing changes in grey level and capillary porosity of the paste in the alteration zones.
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4 Conclusions
Petrographic examination of three concrete mixtures prepared with different binders and
subjected to MIC under controlled laboratory conditions provides insight toward the durability
of these materials in WWTP environments. Observations obtained from optical and electron
microscopy clearly delineate alteration zones characterized not only by distinct mineralogy, but
also by distinct changes in the capillary porosity or density of the paste. The OPC mixture
shows the great deterioration where the outer alteration zones show both increased capillary
porosity of the paste associated with the leaching of Ca(OH)2 and CSH and zones of significant
cracking associated with the pervasive deposition of gypsum. Inboard of these zones the
formation of ettringite actually densifies the OPC paste. The CAC and AAC mixtures show
greater resistance to the sulfuric acid conditions associated with MIC than the OPC mixture.
The outermost alteration zones in these mixtures have markedly lower capillary porosity than
the OPC mixture. As such, the alteration zones are more cohesive and remain adhered to the
intact paste, which explains why these samples show lower mass loss in macroscopic testing.
The higher resistance is consistent with better resistance to leaching than the OPC mixtures,
which is in turn due to the lack of Ca(OH)2 and CSH in these materials.
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Abstract. Concrete structures are subjected to shrinkage since the moment when the water makes
contact with the cement. From that moment on, depending on the concrete composition and its curing
conditions, chemical, autogenous and drying shrinkage might increase the risk of early-age cracking.
Once a crack is formed, it may become the preferential path for the ingress of many aggressive agents
inside the structure increasing the probability of damage due to corrosion, carbonation and other
mechanisms. The use of superabsorbent polymers (SAPs) has been extensively studied to reduce the
shrinkage cracking risk in mortar specimens by acting as internal curing agent to mitigate autogenous
shrinkage. In this paper, a commercially available SAP was investigated as shrinkage reducing agent
by means of internal curing in concrete specimens. The shrinkage of the concrete was monitored for 28
days with both a demountable mechanical strain gauge (DEMEC) and optical fiber sensors (SOFO).
The SAP-containing concrete showed a complete mitigation of autogenous shrinkage during 28 days of
measurement, for both methods. The SOFO sensors showed the occurrence of cracks after 7 days for
the reference mixture, while for the SAP containing mixture, no crack was identified during the 28 days
of measurements.
Keywords: Early-Age Cracking, Superabsorbent Polymers, Internal Curing, SOFO Sensors.

1 Introduction
Shrinkage in concrete structures has been the focus of many studies, and lately, a lot of attention
has been given to autogenous shrinkage. The autogenous shrinkage occurs in all kinds of
concrete structures at different levels. In ordinary concrete structures (with water-to-cement
ratio above 0.42) it is not such a prominent phenomenon but it may increase the risk of cracking,
especially when supplementary cementitious materials are used (Jian et al., 2014; Wu et al.,
2017). On the other hand, it may be the main cause of early-age cracking in systems with waterto-cement/binder ratio lower than 0.42 (ultra-high performance concrete, for example) (Jensen
and Hansen, 2001a; Jensen and Hansen, 2001b).
Recently, a lot of research has been developed aiming to use the SAPs to reduce/mitigate
shrinkage in cementitious materials, most of it at mortar or paste level (Jensen, 2008; Snoeck,
2015; Snoeck and De Belie, 2015; Snoeck et al., 2017; Tenório Filho et al., 2018; De Meyst et
al., 2019; Snoeck et al., 2018; Geiker et al., 2004) and some in high performance concrete
compositions (HPC) (Jian et al., 2014; Wu et al., 2017; Craeye et al. 2011; Pierard et al., 2006),
all showing that a dosage of SAPs in the range of 0.2-0.6% with respect to the cement mass
should be enough to considerably reduce or complete mitigate the deformation due to
autogenous shrinkage.

doi:10.23967/dbmc.2020.099
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Superabsorbent polymers (or hydrogels) are a natural or synthetic water-insoluble 3D
network of polymeric chains cross-linked by chemical or physical bonding. They possess the
ability to take up a significant amount of fluids from the environment (in amounts up to 500
times their own weight) (Mechtcherine and Reinhardt, 2012). Once in contact with the mixing
water of the cementitious material, the SAPs absorb and retain a certain amount of the water
(depending on their absorption capacity), later on acting as water reservoirs for the system,
keeping its levels of internal relative humidity high for a considerable time frame (depending
on the SAP used, even up to 28 days (Snoeck et al., 2017)).
Up to now, most of the studies investigating the deformation due to autogenous shrinkage
of concrete have relied on test methods based on linear measurements performed with the use
of length transducers placed on the top surface of prismatic specimens, with the measurements
starting at different times (for example at 6 h, 9 h and 24 h) (Craeye et al., 2011; Pierard et al.,
2006; Sven and Reinhardt, 2006; ASTM, 2017; Barcelo et al., 2005).
For the case of concrete structures, the crack formation or presence of internal voids and
discontinuities might lead to different responses in different locations. For that reason, the use
of long-gauge deformation sensors allows a more global and precise understanding of the
material/structure under investigation.
In this paper, long-gauge deformation sensors based on low-coherence interferometry in
optical fiber sensors are used to investigate the influence of superabsorbent polymers on the
autogenous shrinkage of concrete mixtures. The material response due to shrinkage
deformation is also evaluated by a more traditional approach, using a demountable mechanical
strain gauge (DEMEC).

2 Experimental Program
2.1 Materials and Characterization of the SAP
The experimental program consisted of the shrinkage measurement of concrete specimens with
and without SAPs by means of manual measurements with a demountable mechanical strain
gauge (DEMEC) and automatic measurements with optical fiber sensors (SOFO).
All tests were performed on concrete mixtures produced with cement type CEM III-B 42.5N
– LH/SR (CBR, Belgium); a polycarboxylate superplasticizer (Tixo, 25% conc., BASF,
Belgium, at a constant dosage of 1.8 % in relation to the cement mass); sea sand 0/4 (absorption
of 0.4% in mass); sea sand 0/3 (absorption of 0.3% in mass); limestone 2/20 (absorption of
0.5% in mass) and a commercial superabsorbent polymer identified as SAP1. More details
about the compositions of the concrete mixtures are given in Table 1.
SAP1, made by SNF Floerger (France) is a cross-linked acrylate copolymer produced by
bulk polymerization and has a mean particle size (d50) of 360 μm. It has been previously studied
as internal curing agent and self-sealing/healing promoter for mortar mixtures (Snoeck, 2015;
Tenório Filho et al., 2018).
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Table 1. Composition of the studied concrete mixtures, values in kg/m 3.

Sand 0/3 -

Limestone

Sand 0/4

2/20

356

421 - 343

REF0.57

340

C_SAP1

340

Mixture

Cement

REF0.46

Additional

w/c(total)

water

[-]

0

0

0.46

6.12

0

0

0.57

6.12

1.70

37.42

0.57

Superplasticizer

SAP

1086

6.35

406 – 331

1046

406 – 331

1046

Dry materials were first mixed for 1 min (including SAPs, when present), then the mixing
water and superplasticizer were added and mixed for an additional 2 min. When SAPs were
present, the additional entrained water was added during the third minute and the mixing
proceeded for an additional 2 min. The total mixing time was 3 min for the reference mixture
and 5 min for the SAP-containing mixtures. Prior to the concrete mixing and testing, the
superabsorbent polymers were tested to assess their absorption capacity. The filtration method
was performed in compliance with Snoeck et al. (2018). The SAPs were tested in demineralized
water and in a cement filtrate solution prepared with the same cement used to produce the
concrete mixtures. The cement filtrate was produced with cement and demineralized water at a
proportion of 1:5 in mass.
The absorption capacity was also studied in cement pastes and concrete mixtures by means
of slump tests. The measurements were performed exactly 10 min after the first contact of the
SAPs with the mixing water.
2.2 Shrinkage Measurement
For the measurements with the DEMEC, for each mixture, four prismatic specimens (100 mm
x 100 mm x 400 mm) were cast and cured for 23 h in a room with controlled atmosphere of 20
± 2 °C and RH > 95%. Right after casting, the free surface of the specimens was covered with
a layer of plastic foil, attached to the mold with a thin layer of vaseline to improve the adhesion
and prevent drying.
After the curing period, the demolded specimens were wrapped with aluminum tape to avoid
moisture exchange with the environment, in this way, reducing the effects of drying shrinkage.
Two measuring points were glued to the surfaces of the specimens (except for the troweled
surface due to the fact of shape irregularities that could hinder the measurements), placed 200
mm apart on the central line of the specimens’ surface. In total, each specimen had three
measuring surfaces. The measurements were performed once per day for 28 days and started
24 h after the first contact of cement with the mixing water. The test was conducted in a room
with a controlled atmosphere of 20 ± 2 °C and 60 ± 5% RH.
For the measurements with the SOFO sensors, given the availability and the costs, only
REF0.46 and the SAP-containing mixture were tested. The sensors used were produced by
SMARTEC (Switzerland). The sensors consist of an active part, that measures the deformation,
and a passive part, which transmits the data to a reading unit (Figure 1). The sensors used in
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this investigation had an active length of 250 mm and a passive length of 10 m.

Figure 1. Illustration of the sensor. Courtesy of SMARTEC.

The specimens used for the measurements with the sensors had the same dimensions as the
ones used with the DEMEC device (100 mm x 100 mm x 400 mm). The sensors were embedded
in the concrete, attached to a steel rebar with a diameter of Ø 6 mm and length of 440 mm,
placed at the middle height of the mold in order to ensure a correct position of the sensors. After
casting and during the test, the specimens were covered with plastic foil to prevent drying. The
specimens were cured for 23 h in a room with controlled atmosphere of 20 ± 2 °C and RH >
95%.
The measurements were performed automatically, every 10 min for 28 days, starting 30 min
after concrete mixing. The tests were performed in a room with a controlled atmosphere of 20
± 2 °C and 60 ± 5% RH. The values of strain were zeroed at the fluid-solid transition point. The
transition point was determined considering the moment where the rate of autogenous strain
became zero (Tenório Filho et al., 2019), corresponding to the knee point in measuring
autogenous shrinkage.

3 Results and Discussion
Figure 2 shows the water uptake (g of water/g of SAP) of the SAPs in demineralized water,
cement filtrate solution, and concrete.

Figure 2. Water uptake [g/g SAP] of the SAP in demineralized water, cement filtrate solution, cement paste and
concrete.
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The absorption capacity is noticed to decrease from demineralized water to cementitious
fluids, which was already expected due to presence of monovalent and divalent ions (i.e. Na+,
K+, Ca2+) in the cement filtrate, cement paste and concrete (Kang et al., 2017; Kang et al.,
2018). The results with the cement paste show that such method can be used as a suitable
estimation for the absorption capacity of the SAPs in concrete.
Figure 3 shows the shrinkage strain measured with the DEMEC for the mixtures REF0.46,
REF0.57 and C_SAP1. The reference mixtures shows both only shrinkage during the whole
time of tests and the strain values are comparable to those found in literature for concrete
mixtures with similar composition and the same type of cement (Lura et al., 2001). On the other
hand, the SAP-containing mixture show a complete mitigation of the shrinkage strain during
the 28 days.

Figure 3. Autogenous strain of concrete specimens measured with DEMEC. Measurements started 24 h after
mixing. The lines represent the average values for two specimens with three measurements per specimen. The
maximum standard deviation found was ± 50 µm.

When comparing the mixtures REF0.57 and C_SAP1, even though they were produced with
the same water-to-cement ratio (0.57), the mixture REF0.57 is not able to mitigate the shrinkage
strain (but only to reduce it in comparison with the mixture REF0.46).
In such mixture, the total water content is available for being used in the hydration from the
beginning, which might increase the effects of the chemical shrinkage. With the use of SAPs,
part of this water is stored inside the polymer particles being released at the appropriate time to
mitigate the autogenous shrinkage. In this way, the used SAPs can be considered very efficient
to be used as internal curing agent, completely mitigating the autogenous shrinkage and
preventing the formation of early-age cracks (which was also verified with the use of the SOFO
sensors).
Figure 4 shows the autogenous strain measured with the SOFO sensors for the mixtures
REF0.46 and C_SAP1. As also observed in Figure 3, the SAP-containing mixture shows a
complete mitigation of shrinkage while the reference mixture (REF0.46) only shows shrinkage.
Another interesting feature noticed is the existence of some “jumps” in the graph that are only
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observed for the reference mixture. These “jumps” are assumed to be indications of crackformation.

Figure 4. Autogenous strain of concrete specimens measured with SOFO sensors. Measurements zeroed at the
fluid-solid transition point for each mixture. Crack formation is also indicated.

To verify whether the samples possessed internal micro-cracking, after the 28 days of
measurements, the specimens were cut and investigated by means of an optical microscopy.
This analysis confirmed the existence of small cracks (up to 50 µm) in the reference mixture
along the length of the sensor (Figure 5). The same cracks were not observed in the mixture
C_SAP1. Also, no debonding was noticed between the sensors and the cement matrix.

Figure 5. Micro-cracks identified in the cement matrix in the surroundings of the sensor.

4

Conclusions
-
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The SAP-containing mixture was able to show a significant reduction in the shrinkage
strain in comparison to the reference mixtures with and without additional water, fully
mitigating the autogenous shrinkage;
Both the DEMEC and the SOFO sensors efficiently captured the effect of the SAPs in
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-

comparison to the reference mixture, but the absolute values of strain are different. This
was the case especially for the reference mixture, as a consequence of the different
coverages used to avoid drying;
The optical fiber sensors were able to provide an indication for the moment of crack
formation without the need of additional tests or indirect measurements;
While they might represent a costly investment, in comparison with other techniques,
the use of the embedded sensors brings more advantages, higher level of precision and
reduced person-hours in the monitoring of shrinkage deformation in the concrete, which
can be even more valuable when considering the monitoring of larger scale specimens
and structures.
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Abstract. Many environments to which concrete is exposed are highly aggressive due to various
chemical components. In such environments, concrete is subjected to processes of chemical
degradation, among which carbonation is one of the most frequently seen degradation processes.
Though, the influence of saturation degree (or relative humidity - RH) of the specimen and CO2
concentration on the carbonation of cementitious materials is still not comprehensively described with
respect to carbonation rate/degree as well as alteration in microstructure and mineralogy. This work
aims at thoroughly investigating how these two key parameters affect the carbonation under accelerated
conditions. Furthermore, the effect of initial moisture state of the specimen on the carbonation rate is
also demonstrated. For such purpose, a numerical model at continuum scale is developed to investigate
the effects of RH and CO2 concentration on the carbonation depth, phase changes in phases and porosity
of hardened cement pastes due to carbonation under accelerated conditions. Verification with
experimental results from accelerated carbonation tests shows a good agreement. The modelling results
with supporting experimental data help to better understand the modification of material properties
under different carbonation conditions and to optimize the carbonation conditions.
Keywords: Carbonation, CO2 Concentration, Microstructure, Cement Paste, Relative Humidity.

1 Introduction
The carbonation process in cement-based materials is typically considered as a deterioration
phenomenon because it results in a pH decrease, which accelerates the corrosion of reinforcing
bars in concrete. On the other hand, carbonation also results in beneficial effects including
decreases in transport properties and refines the pore structure of cement-based materials
(Phung et al., 2015; Phung et al., 2016b). The extent of modification in transport properties and
microstructure significantly depends on carbonation conditions (e.g. CO2 concentration,
relative humidity) and cement types (e.g. OPC or blended systems). The reduction of transport
properties is the result of the precipitation of carbonation products in the pore structure, which
leads to a significant reduction of the total porosity (Phung, 2015).
A number of models have been proposed based on Fick's law for diffusion with an analytical
relation between the carbonation depth and square root of time. Instead of giving an explicit
formula to predict the carbonation depth, a large number of models have been developed in
order to solve the carbonation problem numerically (Bary et al., 2004; Muntean et al., 2011).
These approaches are based on conservation laws with a complex form to capture the most
important factors (including other transport rather than diffusion and time-dependent variables,
e.g. porosity) influencing the carbonation process. However, identification of parameters for
complex models may require several experiments and is not an easy task, for example to
parameterize a constitutive relation between relative humidity, porosity changes and diffusivity

doi:10.23967/dbmc.2020.103
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of CO2 during carbonation. In a previous study (Phung et al., 2016a), the authors have
successfully developed a comprehensive 1-D reactive transport model accounting for both
advective and diffusive transports under an applied CO2 pressure gradients. The model enables
to predict carbonation depth and changes in permeability, diffusivity, and porosity due to
carbonation. In this study, a reduced form of the previous model with only diffusive transport
is used in order to investigate the key parameters (e.g. RH, CO2 concentration, w/c ratios),
which are applied in conventional accelerated carbonation experiments. In such a common way,
the samples are put in a controlled chamber at a wide range of CO2 concentrations (e.g. 0.1%
to 10%) and an optimized relative humidity (50-70%) to speed up carbonation. Results from
such accelerated carbonation data are scattered and sometimes contrary due to wide ranges of
carbonation conditions. Moreover, the moisture content of the tested samples is not always
similar or even different from the surrounding environment in accelerated carbonation chamber.
This leads to a big uncertainty despite of the same carbonation conditions. The above issues are
intensively discussed in this work by numerical simulation in combination with preliminary
validation with experimental data.

2 Model Development
The proposed model is based on a macroscopic mass balance for CO2 in gaseous and aqueous
phases. The model only considers the carbonation of portlandite and C-S-H, which are the main
hydrated phases in CEM I ordinary Portland cement (OPC) paste. Continuous hydration of the
samples during carbonation is not taken into account as the experiments were conducted on 28day-old samples and the time for carbonation was quite limited.
2.1 Mass Conservation of CO2
2.1.1 Transport of CO2
The total concentration of CO2 in the porous media is the sum of the amounts of CO2 in the
gaseous and aqueous phases:
c  (1  S )cg   Scl
(1)
where  is porosity; S is water saturation degree; cg and cl are the concentrations of gaseous
and dissolved carbon dioxide, respectively, which can be related by using Henry law and
Clapeyron equation,
cg  cl K H / RT
(2)
where and K H denotes the Henry constant; R is universal gas constant; T is absolute
temperature. The total flux of CO2 includes both the CO2 fluxes in the gaseous and aqueous
phase, expressed as:
cg
c  K
 c
(3)
 Dl l   H Dg  Dl  l
J  Dg
x
x  RT
 x
where Dg and Dl are effective diffusion coefficients of gaseous and aqueous phase,
respectively. In porous media, the effective diffusion coefficient depends on the pore structure
(Phung et al., 2019a). For the effective diffusion coefficient Dl of dissolved CO2, we account
*
( , ) ) and saturation degree (
for the changes in porosity, tortuosity, carbonation degree ( kDl
kDl ( S ) ) during carbonation followed as (Phung et al., 2016a):
*
Dl 
Dl 0 k Dl
( , )  k Dl ( S )
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For CO2 diffusion in the gaseous phase, a similar approach as in the aqueous phase is
adopted. However, Knudsen diffusion is taken into account through the factor kKnu because
carbonation shifts the pore size distribution towards smaller pores (Phung et al., 2015) which
results in a smaller effective diffusivity for carbonated material.
*
Dg 
D g 0  k Dg
( , )  k Dg ( S )  k Knu
(5)
Details of these models for the diffusivity can be found in (Phung et al., 2016a).
2.1.2 Evolution of porosity during carbonation
The change in porosity is obtained from the change in solid phases by carbonation of portlandite
and C-S-H.
Ca(OH)2 + CO2 = CaCO3 + H2O
CH  CCH 0  CCH  / M CH  VCH  VCC 
(6)
y0CaO•SiO2•z0H2O + (y0-y)CO2 = yCaO•SiO2•zH2O + (y0-y)CaCO3 + (z0-z)H2O

CSH CCSH 0 / M CSH 0  y0  y  VCC  VCSH 0  VCSH  
(7)
where CH and  CSH are porosity changes [-] due to portlandite and C-S-H carbonation,
respectively; y and z are the average Ca/Si ratio and stoichiometric ratio of H2O in C-S-H,
respectively; CCH and CCSH are portlandite and C-S-H contents, respectively; M CH and M CSH 0
are molar masses of portlandite and C-S-H, respectively; VCH , VCC and VCSH are molar volumes
of portlandite, calcite and C-S-H, respectively. Subscript 0 denotes the initial condition. The
molar volumes of portlandite and calcite are well defined in literature. However, data for molar
volume of C-S-H are scarce and it is a stoichiometry-dependent parameter. An experimental
study (Morandeau et al., 2014) showed that the molar volume of C-S-H is proportional to the
Ca/Si ratio as:
VCSH 0  VCSH  1  y / y0 
(8)
where 0.02 < ω < 0.04 [l/mol]. The total porosity of sample during carbonation is expressed
as follows:
 0  CH  CSH
(9)
where 0 is initial total porosity. The change in capillary porosity is mainly due to the
carbonation of portlandite as majority of portlandite particles are located near the capillary
pores (Phung et al., 2015). However, C-S-H carbonation might partially contribute to the
capillary porosity change, especially under accelerated conditions. The partial contribution of
C-S-H carbonation to capillary porosity is captured by a coefficient υ ( 0    1 ) as:

c 0  CH  CSH
(10)
c
where c 0 is initial capillary porosity. The value of υ is set to be 0.5 for OPC cement paste
which gives a good fit with capillary porosity change determined by MIP (Phung et al., 2016a).
2.1.3 Carbonation reaction
Instead of separately modelling the carbonation reactions of CH and C-S-H, we combine both
reactions as in a single reaction between Ca2+ (dissolved from CH and C-S-H) and CO32- ions:
(11)
Ca2+ (total) + CO32- → CaCO3
We consider that the reaction (11) is of the first order with respect to Ca2+ and CO32concentration. The rate of the combined carbonation reaction, r , is written as:
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r  kC f ( S ) k r

CCa CCO3
M Ca M CO3

(12)

where kC is the temperature-dependent reaction rate coefficient, MCa and MCO3 are molar
masses of Ca2+ and CO32-, respectively. The factor f(S) corrects the kinetic carbonation reaction
rate coefficient for the effect of water saturation degree. Following the approach of (Papadakis
et al., 1991),
f (S )  S n
(13)
where the parameter n is suggested to be 3.7. The carbonation products are mainly formed
around CH/C-S-H particles. Consequently, the reaction rate will reduce because Ca ion and
CO2 have to diffuse through the product layer. Therefore, a retardation factor is added into Eq.
(12) as:



s
s
kr  CCa
/ CCa
0





(14)

s
is total concentration of solid Ca except for Ca in calcium carbonate, subscript 0
where CCa
denotes the initial concentration;  is exponential factor which is suggested to be 2 for OPC
cement paste (Phung et al., 2016a).
The mass balance of dissolved CO2 is written as:
H
H

  K CO
 
 c
K CO
2
2
   (1  S )
  S  cl    
Dg  Dl  l


  RT
RT
 

 x

 
t
x




C CCO3

 f ( S ) kC k r Ca
M CO2
M Ca M CO3

(15)

The partial differential Eq. (15) describes the one-dimensional reaction-transport
phenomenon in cement-based materials and is solved numerically using the COMSOL
Multiphysics® FEM based simulation tool.
2.2 Mass Conservation of Calcium
Following the same approach for CO2, the mass balance equation for total dissolved Ca is given
as:
  SC Ca 
t

C Ca 

  DCa
M Ca
x 
 

 r
 rd
x
M CO2

(16)

where DCa is the effective diffusivity of calcium ion; rd is the dissolution rate of CH and CS-H [kg/m3.s] which is calculated from the mass balance equation of total amount of Ca in CH
and C-S-H as follows:
s
CCa
(17)
M Ca   rd
t
Note that in Eq. (17) the release rate of Ca due to hydration is neglected. The solid-liquid
equilibrium curve of Ca based on the experimental data collected by (Berner, 1992) is used to
establish a relation between the aqueous and solid calcium concentration which is expressed as
an mathematical form based on a discretization of the decalcification of CH and C–S–H (Phung
et al., 2016a). The Ca fraction in CH and C-S-H can be estimated from the hydration of minerals
(C2S, C3S) in cement which can be estimated by the Bouge calculation.
2.3 Mass Conservation of Moisture
2.3.1 Liquid water transport
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The mass balance equation for liquid water (excluding bound water) is given as:
 ( S  l )

E  R
(18)
t
where  E is the vapour-liquid water exchange rate; and  R is the released water rate due to
carbonation. The amount of water released is derived from the carbonation reactions Eqs. (6)
and (7), for CH and C-S-H, respectively. For CH, there is a 1-1 relation between Ca
consumption and water release. However, for C-S-H carbonation, y mol of Ca in C-S-H will
release z mol H2O. The stoichiometry values of y and z are only slightly different (Allen et al.,
2007). Therefore, we assume that ratio y/z = 1. With this assumption, it is possible to calculate
the amount of released water rate based on the change of total Ca in solid phase.

R 



 

s
s0
 CCa
 CCa
Mw

t
s0
where Mw is molar weight of water, CCa is initial Ca content in the solid phases.

(19)

2.3.2 Vapour transport
Vapour is transported due to diffusion. The mass balance equation for vapour is given as:
c 

   (1  S ) Dv v 
(20)
 ( cv (1  S ))
x 
 

E
t
x
where c v is the concentration of vapour which is calculated as
cv  Pv M w / RT
(21)
where Pv is the partial pressure of vapour which is depended on relative humidity,

Pv RH  Pvs
(22)
where Pvs is the average saturation pressure of vapour; Dv is the diffusivity of vapour.

3 Description of Carbonation Experiments
Accelerated carbonation experiments were performed on cement pastes at three w/c ratios of
0.4, 0.5 and 0.6. Type I ordinary Portland cement (CEM I 52.5 N) was used. The chemical and
physical properties of the cement can be found in (Phung et al., 2019b). Cement pastes were
cast in a cylindrical tube with an inner diameter of 98 mm and cured in sealed conditions. After
28 days of curing, the samples were cut into small disks of 25 mm thick by a diamond saw.
Prior to the carbonation experiment, the samples were conditioned to different target internal
relative humidity of 55%, 65% and 75% in a climate chamber. Note that sample conditioning
is an essential step that would significantly affect the carbonation results as shown later in
section 4.4. In our case the samples is ensure to reach the targeted RH when the mass of sample
is stable. The accelerated carbonation tests were performed in 28 days at constant temperature
of 20oC. Two CO2 concentrations of 0.3% and 1% and three RH of 55%, 65% and 75% were
investigated. Details of the setup and experimental procedure were described in (Varzina et al.,
In preparation).
After carbonation, a number of post-analysis methods were used to quantitatively and
qualitatively analyse the carbonated samples. The carbonated sample was sawn and sprayed by
phenolphthalein solution to determine the phenolphthalein carbonation depth (Phung et al.,
2015). Portlandite and calcium carbonate profiles of a carbonated sample were quantified by
thermo-gravimetric analysis (TGA) of the dust collected at different depths. A hole with a
diameter of 10 mm was longitudinally drilled in the carbonated sample. Drilling was halted
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every 3 mm to collect the dust before continuing drilling. To prevent cross contamination, the
hole was carefully cleaned by compressed air before continuing drilling. TGA was performed
in a NETZSCH STA 449F3 thermal analyzer. A weighed sample, usually between 30 and 40
mg was heated from room temperature to 1100oC with a heating rate of 10oC per minute under
a constant nitrogen flow rate of 120 ml/min.
Mercury intrusion porosimetry (MIP) provided information on how pore structure changes
during carbonation. MIP experiments were performed in a PASCAL 140/440 porosimeter in
which the mercury pressure was continuously increased up to a maximum pressure of 200 MPa.
The samples were taken from the reactive surface up to 3 mm in depth and referred as
"carbonated samples". Furthermore, the mass of samples were followed as a function of
carbonation time, which allows calculating the mass gain due to carbonation.

4 Results and Validation
4.1 Carbonation Degree
The term "carbonation depth" is typically determined by a phenolphthalein indicator. However,
it is not easy to mathematically define the carbonation depth. In this study, we relate the
s
). In such way,
carbonation depth to total concentration of Ca in the solid phases ( CCa
carbonation depth is linked to a maximum depth at which portlandite (CH) is completely
carbonated, and referred as carbonation degree of 1. The carbonation degree, dc, is then
formulated as:
CH  0
1
 s0
s
d c   CCa  CCa
(23)
 C CH
CH  0
Ca

1

RH = 65%

0.8

Carbonation degree

Carbonation degree

1

w/c = 0.4

0.6

w/c = 0.5
w/c = 0.6

0.4
0.2
0

0

0.005

0.01
0.015
Depth, m

0.02

0.025

RH = 75%

0.8
w/c = 0.4

0.6

w/c = 0.5

0.4

w/c = 0.6

0.2
0

0

0.005

0.01
0.015
Depth, m

0.02

0.025

Figure 1. Carbonation degree of samples carbonated at RH of 65% and 75%, CO2 concentration of 1% dashed lines mark the carbonation depths determined by phenolphthalein spraying.

The carbonation degree of samples with different w/c ratios carbonated with CO2
concentration of 1% at RH at 65% and 75% is shown in Figure 1. It is clearly seen that the
higher w/c ratios, the larger carbonation degree. A higher RH results in a lower carbonation
degree. Interestingly, the transition zone (i.e. dc<1) is wider for carbonation at lower RH,
meaning a sharp carbonation front might not be observed in this case. This is explained by a
faster diffusion of CO2 under lower RH condition. Comparing with carbonation depth
determined by phenolphthalein indicator, the carbonation degree agrees very well with the
phenolphthalein front (i.e. the front is corresponded to carbonation degree of 1) for 65% RH.
Results at higher RH is in less agreement, especially for the sample with w/c ratio of 0.6.
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4.2 Mass Gain
In this study, the sample mass gain is considered as the sum of CO2 uptake and change in
moisture content of carbonated sample. We can easily calculate the total CO2 uptake due to the
carbonation reactions of portlandite and C-S-H. Considering Eq. (11), the number of moles of
solid Ca consumed equals the number of moles of CO2 uptake. The moisture content change is
related to the differences in saturation degree (mass change due to different RH is negligible).
Therefore, the mass gain (normalized to initial sample mass) due to carbonation can be
expressed as:
L



 





s0
s
0
Mass 100%   CCa
0  CCa  M CO2   S  S00   w A / msam dx

 CCa
 CCa
0

(24)

where A and msam are the cross section and initial mass of the sample, respectively.
7

w/c = 0.4 - predicted
w/c = 0.4 - measured
w/c = 0.5 - predicted
w/c = 0.5 - measured
w/c = 0.6 - predicted
w/c = 0.6 - measured

Mass gain, %

6
5
4
3
2
1
0

0

5

10
15
20
Carbonation duration, days

25

30

Figure 2. Mass gain of samples carbonated at RH of 65% and CO2 concentration of 1%.

As expected, higher w/c ratio results in higher mass gain as seen in Figure 2. The predicted
results agree very well with the measured data. Note that the mass gain is not equal to the CO2
uptake because of the moisture content exchange of the samples with surrounding environment
during carbonation, which is well captured in the model.
4.3 Effect of Carbonation Conditions
4.3.1 Relative humidity
7

Normalized portlandite

Mass gain, %

1

(a)

6
5
4
3

RH = 55% - predicted
RH = 65% - measured

2

RH = 65% - predicted

1
0

RH = 75% - measured
RH = 75% - predicted

0

5

10
15
20
Carbonation duration, days

25

30

(b)

0.8
0.6

RH = 55% - predicted
RH = 65% - measured

0.4

RH = 65% - predicted
RH = 75% - measured

0.2
0

RH = 75% - predicted

0

0.005

0.01
0.015
Depth, m

0.02

0.025

Figure 3. Effects of RH on mass gain (a) and change in portlandite content after 28 days of carbonation (b) –
measured data for RH = 55% is not yet available.

Typically, a wide range of RH is used in accelerated carbonation experiments. The European
standard EN 12395 even allows the tests performing with RH = 60%±10%. We therefore
simulate the carbonation under various RH of 55%, 65% and 75%. Results show that the
carbonation rate is significantly depended on the RH of the surrounding environment. The lower
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RH, the higher mass gain and percentage of carbonated portlandite (Figure 3). The mass gain
is increased 30% if RH decreases from 75% to 55%. Similarly, the depth of complete
portlandite carbonation increases from 6 mm to 10 mm with a decrease of RH from 75% to
55%.
As a consequence, the drop in capillary porosity due to carbonation is more visible for lower
RH as shown in Figure 4. The effects of RH is much clearer in case of higher w/c ratio.
0.35

RH = 65%

0.3

Measured – 0.29

Cappilary porosity

Cappilary porosity

0.35

0.25

0.25

0.2
w/c = 0.4 - predicted

0.15
0.1
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0.3

0

0.005

w/c = 0.6 - predicted

0.01
0.015
Depth, m

0.02

w/c = 0.4 - predicted

0.15

w/c = 0.5 - predicted

Measured – 0.20

0.2

0.1

0.025

w/c = 0.5 - predicted
w/c = 0.6 - predicted

0

0.005

0.01
0.015
Depth, m

0.02

0.025

Figure 4. Effects of RH on capillary porosity decrease due to carbonation at 1% CO2 concentration.

4.3.2 CO2 concentration
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The CO2 concentration significantly influences the carbonation in terms of mass gain.
Increasing CO2 concentration from 0.3% to 3% triples the mass gain as seen in Figure 5a. This
is a consequence of a higher amount of portlandite carbonation as shown in Figure 5b. The C/S
ratio of C-S-H is also significantly reduced in the portlandite depletion zone, which is in
agreement with thermodynamic modelling results showing that initially no C-S-H should
decalcify. However, this sometimes does not comply with experimental findings, e.g. (Auroy
et al., 2018; Phung et al., 2015) which showed evidences that carbonation of portlandite and
other hydrated phases may occur simultaneously. In case of highest CO2 concentration, the C/S
ratio can be lower than 0.4 near the reactive surface. Interestingly, C-S-H is carbonated with
the highest extent not at the reactive surface, but around 3 mm far away the reactive surface
indicating that the optimal carbonation conditions (i.e. reaction rate, available CO2 and Ca)
occur a bit far away from the reactive surface if higher CO2 concentration is applied.

Figure 5. Effects of CO2 concentration on mass gain (a) and changes in portlandite content and C/S ratio of
C-S-H after 28 day carbonation (b) - samples with the same w/c ratio of 0.5 and carbonated under 65% RH,
measured mass gain for case CO2 = 3% is not yet available.

4.4 Effect of Sample Preparation – Initial Relative Humidity
In practice, the samples are not always well-conditioned to reach the targeted RH humidity in
the carbonation chamber. The conditioning process could take few weeks to months (depended
on sample size and w/c ratio) to bring the initial moisture state (RH>95%) to the optimal
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carbonation RH of around 65%. If the initial RH of samples differs from the RH of carbonation
chamber, the results can be significantly scattered. Figure 6 illustrates such uncertainty by
investigating 3 initial RH levels of 65%, 80% and 85%. All samples with w/c ratio of 0.5 are
carbonated under the same conditions with RH of 65% and CO2 concentration of 1% at 20oC.
It is clearly seen that higher initial RHs significantly reduce the carbonation degree. This is
because the internal RH and saturation of these samples are much higher than the one with
initial RH of 65% (Figure 6b), resulting in much slower transport of CO2 into the samples. It is
interesting to observe that a maximum RH is obtained at the depth where carbonation degree
starts decreasing. This is explained by the accumulation of water released by carbonation, which
does not have enough time to transport to the surrounding environment. The slower transport
of CO2 in samples with higher initial RH also induces higher C-S-H carbonation resulting in
lower C/S ratio as seen in Figure 6a.

Figure 6. Effects of initial RH of samples on carbonation degree and total porosity alteration (a) and
saturation degree and internal RH of carbonated samples (b).

5

Conclusions

A one-dimensional reactive transport model coupling moisture – CO2 – Ca transport, which is
adapted from a previous work (Phung et al., 2016a), is implemented to investigate the effects
of RH and CO2 concentration and initial moisture state of the samples on the carbonation
degree, phase changes and porosity of hardened cement pastes due to carbonation under
accelerated conditions. The model enables to predict the carbonation degree, mass gain,
portlandite content, C/S ratio and porosity change over time and space. A parametric study
confirms that two key parameters, i.e. CO2 concentration and RH, play an important role in
accelerated carbonation of cement pastes. Variation of these parameters in a common testing
range could significantly change the carbonation degree; however, their effects also depend on
the microstructure of the samples which is controlled by the w/c ratios. The higher the w/c
ratios, the larger the contribution of RH and CO2 concentration. The model helps to better
interpret the experimental observations and highlights underlying phenomena such as the
formation of a gradual carbonation front due to carbonation of both portlandite and C-S-H or
changes in moisture state along the sample depth. Furthermore, the modelling results confirm
the vital contribution of initial moisture state of the samples to the carbonation process and
estimated carbonation rate. Poor sample conditioning (i.e. too short time to lower the initial RH
after curing to targeted testing RH) could dramatically reduce the carbonation efficiency.
Preliminary verification of the modelling results with accelerated carbonation experiment
gives a good agreement even though more experimental data is still required to validate and
improve the model, especially to better capture changes in transport properties due to
carbonation.
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Abstract: The use of light steel frame and wood frame in Brazil is still recent, hence there is little
information about the durability of these technologies applied in Brazilian climate conditions. The
wood-based boards are used as a part of the light steel or wood frame walls and are designed to
contribute to the wall structural behavior (horizontal reinforcement and resistance to suspended loads).
Once the information if such boards meet the DL (design life) set in the Brazilian code of residential
building performance is still unknown, this paper analyses the technical characteristics of two woodbased boards - OSB and marine plywood - aiming to gather more information concerning durability
under liquid water action. Thus, tests were carried out on samples of these two boards to evaluate their
behavior against liquid water and after accelerated ageing test. In all cases, OSB showed to be more
sensitive to early degradation than plywood.
Keywords: OSB, Marine Plywood, Durability, Light Steel Frame.

1 Introduction
The use of light steel frame and wood frame in Brazil is still recent. The first researches and
publications were conducted in the last decade (Crasto, 2005; Milan, Novello, and Dos Reis,
2011; Oliveira and Mitidieri Filho, 2011; SiNAT, 2016), because of that there is little
information about the durability of these technologies applied in Brazilian climate conditions,
which can be around 23°C and 76% of relative humidity (RH) in the South East, with an
monthly average solar radiation between 16 and 24 MJ/m2.day (Tiba, 2000).
Wood-based boards are used as a part of the light steel frame or light wood frame walls.
Mostly, the outer part of these external walls is formed by four layers (from exterior to interior):
basecoat (mortar-based layer around 6mm thick), cementitious board, weather resistive barrier
(sheathing membrane) and wood-based board (OSB or marine1 plywood), the last one
improving the wall structural behavior (Campos, 2014; Rego, 2012). The basecoat is directly
In Brazil there is no standard setting the minimum requirements for plywood; however, there are two main types
of plywood in the market: one used for making wood-based products, like cabinets (simply called “plywood”) and
another one, known as “marine plywood”, used in situations where the presence of liquid water and high levels of
relative humidity are rather frequent, like in boat hulls; hence the designation “marine” before the word plywood.
According to APA (www.apawood.org), a product like that could receive the classification “APA marine”. The
boards used in this paper were supplied by a big manufacturer in Brazil.
1
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adhered to the cementitious board, which is fastened (screws) to the OSB with the sheathing
membrane in between. Also, in Brazil is quite common to have a wood-based board (usually
OSB) at the inner side of the wall right behind the gypsum board as a way of improving the
wall resistance to suspended loads; since shelves, frames and other loads can be fastened
everywhere, whether there is a steel stud or not, a continuous layer is a need.
In terms of durability, the outer board might be directly affected by the wind-driven rain and
the inner board by the high level of relative humidity (RH) inside the building. Water vapor
movement is a matter of vapor pressure and it normally goes from outside to inside during the
summer and from inside to outside during the winter (for cold countries). But the thing is not
as “simple” as that, since there is no requirement for airtightness of light steel frame walls in
Brazil: penetrations, holes and electrical fixtures are not sealed. Hence, air leakage (exfiltration)
might be so high that the use of vapor barriers on the inner part of exterior walls is useless and
a waste of money. To sum up with, knowing that keeping windows open is a cultural behavior
in Brazil, the RH inside the house is probably close to the RH outside during warm seasons,
which means that, basically speaking, RH all around the wall will be like the exterior RH. There
might be some exceptions, though, mainly during the winter in southern cities, but in any case,
interior air conditions are uncontrolled most of the time. A deeper discussion about this subject
is out of the scope of this text, but it can be found elsewhere (Quirouette, 1985; Straube, 2002;
Kumaran, 2009; Lstiburek, 2009; NRC, 2015; ABCB, 2016).
According to ABNT NBR 15575 (ABNT, 2013), Brazilian code of residential building
performance, the design life (DL) of the main structural elements (steel and wood profiles) and
of the other elements whose maintenance is not easy is at least 50 years. Since the wood-based
layer contributes to the wall structural behavior and its maintenance is quite laborious, the
design life (DL) of it should be equivalent to that of the main structural elements (steel and
wood studs).
Once the information if such boards meet this DL in Brazilian climate is still unknown, this
paper analyses the technical characteristics of two wood-based boards - OSB and marine
plywood - in terms of bending strength, MOE - modulus of elasticity, internal bond, swelling
in thickness and dimensional changes, all of them according to European Standards, aiming to
get more information concerning durability of these boards when subjected to liquid water
action. Thus, tests were carried out on samples of these two boards to evaluate their behavior
before and after accelerated ageing tests.

2 Experimental Work
Samples of OSB (11.1 mm thick, OSB/3 (APA, 2017) and marine plywood (12 mm thick) were
tested according to EN standards to gather information about density, EN 323 (CEN, 1993a);
moisture content, EN 322 (CEN, 1993b); swelling in thickness, EN 317 (DIN, 1993); bending
strength and modulus in bending, EN 310 (BSI, 1993a); internal bond, EN 319 (BSI, 1993b);
dimensional changes, EN 318 (BSI, 2002a) and moisture resistance, EN 321 (BSI, 2002b).
EN standards were used because there is no Brazilian standard about the subject; in addition,
regardless of having their own specific standards, samples of plywood were also tested
according to OSB standards so that mechanical properties can be compared under the same
conditions.
Such mechanical properties were measured for both axis: major strength (L = longitudinal)
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and minor strength (T = transversal) using a universal testing machine (EMIC DL 10000). To
determine the properties related to dimensional changes, a climatic chamber (model
Thermotron 2800 programable controller) was used.
For each panel type, 10 50x50mm samples were used for internal bond and swelling in
thickness; 10 50mm wide samples for bending properties and ageing and 4 (four) 50mm wide
samples for dimensional changes. For the sake of simplicity, the terms mass and weight will be
used interchangeably in this text.
2.1 Results and Discussion
2.1.1 Properties of the boards
After reaching constant mass at 21oC and 65% RH, the main properties of the boards were
evaluated, and the results can be seen in Table 1.
Table 1. OSB and marine plywood properties (average).

Board type Density (kg/m3)
OSB
639.9 ± 24.6
Plywood
623.9 ± 20.9
MC - moisture content

Layers
MC (%)
Homogeneous
10.5 ± 0.3
Five
10.3 ± 0.4
BS - bending strength

MOE (N/mm2) BS (N/mm2)
4607 ± 649
32.7 ± 6.4
7039 ± 559
60.3 ± 8.6
MOE - modulus of elasticity

2.1.2 Swelling in thickness
The thicknesses and weights of the specimens (50x50mm) were taken seven times during the
24h bath at 20 ± 2oC so that was possible to see the increasing rate of both (Figure 1).

a)

b)

Figure 1. Changes in the a) weights and b) thicknesses of OSB and plywood for the first 24 hours.

In Figure 2 is possible to see the total thickness of all the specimens when put together side
by side. It is rather evident the difference between OSB and plywood.
After the first 24h of the soak bath, all the specimens were kept under water for more 24h
and, then, remained inside a room at 20 ± 2oC and uncontrolled RH levels (around 55%) for a
drying session. The results are shown in Figure 3 and here it is important to notice that the
moisture content is related to the initial weight of the specimens, not to oven-dry weight. It is
possible to see that both OSB and plywood show almost the same wetting and drying curves
and practically the same water uptake coefficient (note that X-axis is the square root of time).
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a)

a)

b)
Figure 2. Appearance of a) OSB and b) Plywood after swelling.

b)

Figure 3. Wetting and drying time of OSB and plywood.

Although both OSB and plywood show quite the same water absorption and drying curves,
OSB samples went through a much higher swelling after only one cycle, which can lead to
problems with loose screws and nails.
2.1.3 Modulus of Elasticity (MOE) and bending strength
These tests were carried out in three conditions: with the samples acclimatized to 65% RH at
21oC (Natural), after cyclic test (Aged) EN 321 (BSI, 2002b) and with the samples after 24h
under tap water (Soak). For each set, 10 specimens were tested, which meant a total of 120
specimens (two boards, three conditions, two axis and 10 specimens each).
The distance between the supports was 20 times the thickness, i.e., 222mm for OSB and
240mm for plywood and both loading head and supports had a diameter of 20mm. Figure 4
presents the retention rate for MOE and bending strength (BS) for each set according to the
axis: L stands for longitudinal and T stands for transversal (longitudinal means the axis with
the highest strength).
Since the mechanical strength is deeply related to the moisture content of the specimens, the
moisture contents of OSB and plywood after soak bath were determined as follows: values
taken immediately after the bending test and, then, after 48h in an oven at 103oC. So, when
soaked, moisture contents (in percentage, oven-dry basis) were 36.9 ± 2.1 for OSB and
41.8 ± 4.0 for plywood.
All OSB samples presented great deterioration after soaking and cyclic test, so it was
difficult to reach good accuracy and precision when measuring the thickness, which means the
values presented in Figure 4 vary around ±5%. Mechanical strength loss due to water action is
also described by other authors (Kojima and Suzuki, 2011; Korai, Kojima and Suzuki, 2015)
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and the results in this paper are in good agreement with those ones; more similar results are also
described by Okino et al (2004), when studying OSB with Brazilian wood strands.

Figure 4. MOE and BS retention rates for OSB and plywood.

2.1.4 Internal bond
Internal bond tests were carried out under five circumstances: 1) original board acclimatized at
65% RH, 21oC (Natural); 2) after swelling (soak bath); 3) after boiling; 4) oven-dry after
swelling and 5) oven-dry after boiling (Figure 6). Specimens in situation 4) and 5) were ovendried for 48h after swelling and boiling tests; then, all the samples from 2) to 5) were
acclimatized at 65% RH and 21oC before the internal bond test. Due to the mechanical damage
OSB samples went through during swelling and boiling tests (see Figure 2), it was not possible
to measure their internal bond.

Figure 5. Internal bond of OSB and Plywood under different conditions.

2.1.5 Dimensional changes
All the samples in this test had the nominal dimensions of 300x50mm and the following charts
show the mass of each specimen over time (dashed line, right vertical axis) and also the
percentual variation of the mass in the last 24 hours (solid lines, left vertical axis). These last
ones are important to see how long the specimens take to reach the equilibrium as required by
EN 318 (BSI, 2002a): up to 0.1% in 24 hours. While Figure 6 shows the result for the cycle 3065-85, Figure 7 shows the data for the cycle 85-65-30.
All the charts follow the same reasoning as explained here for the cycle 30-65-85: the
specimens were taken from room temperature and put into the climatic chamber at 30% RH.
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After the mass reaches the equilibrium, the RH level is changed to 65% and the charts show
this as the first bump. Afterwards, the RH level is increased to 85% and a second bump show
up; then, the specimens remain in the chamber until equilibrium.

Figure 6. OSB and plywood mass variations under the cycle 30-65-85.

Figure 7. OSB and plywood mass variations under the cycle 85-65-30.

The two following charts, in Figure 8, show the changes of the samples length for both cycles
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as well: set 1 for L65,85 and set 2 for L65,30.

Figure 8. Changes in length of OSB and plywood: L65,85 and L65,30.

3 Conclusions
-

-

-

Water can reach wood-based boards either due to high levels of relative humidity or
because of wind-driven rain infiltration, usually taken as 1% of the rain load over the
wall (ASHRAE, 2016), whether through crackings, openings, sealant failures and so on.
Regarding the materials evaluated in this experiment, OSB is much more sensitive to
water than plywood. Hence, its low resiliency against the most abundant degradation
agent, together with the fact maintenance is not a common action in Brazil, is an alert
that OSB might not the best option for a country whose climate is hotter and more humid
than cold countries that already have issues with wood-based boards;
Even with boards intended for use in humid conditions, it is important to note that
“humid” means “temperature of 20°C and a relative humidity of the surrounding air
only exceeding 85 % for a few weeks per year” according to EN 300 (CEN, 2006). Since
in most cities of Brazil the relative humidity goes beyond this level many weeks per
year, the conditions are very good to obtain high levels of mold index (ASHRAE, 2016;
Ojanen et al., 2010); also, temperatures in Brazil are almost always above the minimum
threshold for mold growth;
In all tests OSB showed lower performance when compared to plywood, even where
there was no direct contact with liquid water but only with different humidity levels,
which means a higher stress level over time due to the greater dimensional changes.
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Abstract. Most of European native wood species used outdoors are expected to last less than 10 years
if left untreated and exposed to severe environmental conditions such as high humidity and biological
agents. However, the current classification of wood’s natural durability based on EN standards does
not fully reflect real end-use conditions, often underestimating wood’s performance in use. In addition,
the importance of design details and the role they play in enhancing service life, especially in the case
of outdoor applications, is often neglected. With the aim of evaluating the positive impact of proper
design on wood’s service life, large-scale experimental devices, manufactured according to different
designs (water draining / trapping) from six native wood species, were installed in 2009 in two French
cities benefiting from different climatic conditions (oceanic / continental). The results of the evaluation
carried out after 10 years of natural weathering demonstrated that (1) significant differences in the
ability to withstand decay over time exist depending on the selected design details and the climatic
conditions encountered in the experimental fields; (2) high variability in the resistance of non-durable
spruce and poplar wood against fungal decay was noticed for each tested design, but with an unexpected
high percentage of elements performing very well; (3) the moderately durable heartwood of larch,
maritime pine and Douglas fir was mostly unaffected by decay even under severe conditions of exposure
to rain (decking modules), suggesting these species may have greater value for outdoor applications
without any preservative biocidal treatment than previously assumed.
Keywords: Natural Durability, Service Life, Performance, Design, Natural Weathering, Decay.

1 Introduction
The service life of a wooden structure is the period of time after installation during which it
meets the initial performance requirements, such as mechanical strength, and before
replacement is needed. This depends on many factors, some being natural and beyond human
control, such as wood's inherent characteristics and environmental factors (wind, rain, sun,
biological decay agents), and some a result of man’s actions, such as design and maintenance.
The majority of European native timber species of economic importance for the building
sector are regarded as naturally moderately or poorly durable with regards to biological
degradation when used for outdoor applications, such as cladding and decking. In geographical
areas where biological risk is high, they are frequently expected to last less than 10 years when
left untreated and exposed to severe environmental conditions such as high humidity. As a
consequence, in order to ensure long-lasting products, architects tend to choose durable tropical
hardwoods or native woods with enhanced durability (modified or preservative treated) rather
than moderately durable European wood species whose performance over time is doubtful.
However, the importance of design details and the role they play in enhancing wood’s
service life, especially in the case of outdoor applications, is often neglected. Indeed, premature
fungal degradation of wood is frequently the consequence of inappropriate use, poor design or
mistakes made during the installation, generating water traps and thus increasing the wood’s
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moisture content up to a level allowing the initiation of decay.
The performance of wooden structures in terms of service-life relies both on wood’s natural
durability and on its exposure to weathering and biological risk. Natural durability is beyond
our control, but the severity of exposure to environmental parameters can be reduced by good
practices such are proper design, proper installation and proper maintenance. The objective of
this study is to demonstrate that proper design of wooden structures meant for outdoor use is
crucial to providing products whose service life meets the market’s needs and the final users’
expectations.

2 Experimental Set-up
Large experimental structures were constructed from six wood species, selected for their
economic importance for the construction industry and different natural durability against
fungal decay according to EN 350 (2016). They mimicked wooden constructions used outdoors
above ground: cladding, decking, posts, inclined beams, assemblies, and log house outer walls
(Figure 1). In order to compare their performance under different climatic conditions, the test
devices were installed in 2009 in the French cities of Bordeaux and Charrey-sur-Saône (oceanic
and continental climates, respectively). The full description of the experimental set up is given
in Kutnik et al., (2011).
2.1 Selected Timber Species
Douglas fir (Pseudotsuga menziesii), maritime pine (Pinus pinaster) and larch (Larix decidua)
are commonly used for manufacturing outdoor structures, mainly for cladding and decking. The
natural durability of their heartwood against Basidiomycete decay fungi ranges from
moderately (DC 3) to poorly (DC 4) durable (EN 350, 2016), which makes them hardly suitable
for use class (UC) 3.2 and UC 4 applications (EN 335, 2013) without any preventative
preservative treatment, especially where long service life is expected (> 10 years).
Spruce (Picea abies) and poplar (Populus sp.) are classified as poorly (DC 4) to non-durable
(DC 5) against fungal decay. In practice, they are not used untreated for UC 3.2 and UC 4
applications. In our study spruce and poplar were used as reference non-durable species,
expected to decay to some extent over a period of 10 years of exposure to weathering. Different
levels of decay were expected depending on the design selected for manufacturing particular
experimental devices. European oak (Quercus robur), classified as durable (DC 1-2), was used
as the reference durable wood species.
2.2 Design Details
Each type of construction comprised both water-trapping and water-draining design details. The
results presented in this paper mainly concern the decking modules and the post-to-beam
connections, with the design details used for manufacturing them being described in subsequent
sections. Since, based on visual inspection only, the remaining construction types (log walls,
posts and inclined beams) provided less interesting input, it was decided that they will be the
subject of further investigation involving other tools later on.
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Inclined beams
(3 thicknesses)

Log walls
(2 designs)

Cladding with hidden nails
22 mm thick boards
Cladding with
visible nails
20 mm thick boards

Posts
(3 thicknesses)

30 mm thick boards
Posts connected to
beams (4 designs)
Vertical cladding
with visible nails

Top-screwed deck boards
(4 designs)

Bottom-screwed deck
boards (2 designs)

Figure 1. Experimental site in Charrey-sur-Saône, France – examples of devices made from poplar.

2.2.1

Decking Modules

The decking modules were designed to simulate exterior residential decking. They consisted of
deck boards fixed on wooden joists, placed on concrete blocks to avoid direct contact with the
ground. The four corners of the decking modules were also placed on concrete masonry so that
their bases were at least 20 cm above ground (Figure 1). Fifty-centimeter-long boards were cut
as much as possible from heartwood, pre-drilled with one or two holes near each end and
mounted in two uniformly spaced rows of 5 to 16 replicates on a sub-frame (joists and/or beams)
using stainless steel screws.
The modules were manufactured according to designs simulating either UC 3.2 (outdoor
unprotected, without permanent water accumulation) or UC 4 (horizontal, above ground, with
water accumulation over long periods of time) conditions according to the French FD P 20-651
(2011), thus representing different levels of risk with regard to the probability of fungal decay.
The differences between the selected designs were the thickness, width and shape of the deck
boards, the way of screwing the boards on the joists beneath (top or bottom screwing) and the
typology of the wood-to-wood contact zones (water draining or water-trapping).
Design A, being the most traditional decking design, was expected to represent the worstcase scenario of exposure to water accumulation (on the wood’s surface, on the screws’ top, at
the interface between the boards and the joists beneath). Designs B and C employed thicker
boards, wider (B) or thinner (C) than design A. Designs D, E and F included different details
avoiding water trapping and/or improving water drainage of the deck’s surface and thus were
expected to perform better than designs A, B and C.
Six decking modules were constructed from spruce and poplar (one according to each design
type). Two modules were constructed from maritime pine, larch, Douglas fir and oak, according
to designs A and F, expected to represent respectively the worst and the best case scenario with
regard to fungal decay. The construction details are described in Kutnik and Montibus (2019).
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2.2.2

Cladding Units

Cladding units of 1m x 1m were built according to four different designs, the main differences
being the thickness (20 or 30 mm) of the test boards, the way of assembling and screwing them
on the battens (tongue and groove boards with visible nails or lap joint boards with hidden nails)
and the orientation of the wood's fibers (three horizontal and one vertical cladding) (Figure 1).
Sixteen cladding units (8 spruce + 8 poplar) were installed in a setting that either allowed (4 +
4) or prevented (4 + 4) their direct exposure to wind-driven rain. The end-grain of the vertically
exposed boards was protected from rainwater by stainless steel sheets.
2.2.3

Posts Connected to Beams

Posts were screwed to metallic frames, with end-grain protected from rainwater by stainless
steel sheets. Beams were connected to posts using two joining types representative of traditional
carpentry: the mortise-and-tenon joint and the cross lap joint. Two innovative types of joints,
reducing the wood-to-wood contact zones and allowing for efficient water drainage from the
two connected elements, were manufactured as well (Figure 2). All elements were connected
using stainless steel fasteners. Sixteen posts (8 spruce + 8 poplar) were installed in a setting that
either allowed (4 + 4) or prevented (4 + 4) their direct exposure to wind-driven rain.
Mortise and tenon joint
traditional
water-draining

Cross lap joint
traditional
water-draining

Figure 2. Poplar posts connected to beams in Charrey-sur-Saône, France.

3 Rating of the Fungal Decay
Non-destructive inspections of the deck boards were performed periodically according to a
procedure similar to the one recommended in the standard AWPA E25-13 (2014). The decay
inspection method consisted of gentle probing of board surfaces, checks and end-grain with a
dull metal spatula for signs of softening or cavities. Special attention was paid to areas of high
moisture content, discoloration or collapse that were visible on the surface and to areas
sounding hollow or dull when tapped with the blunt end of the spatula.
The fungal degradation of exposed wooden elements was evaluated in 2019, after 10 years
of exposure to weathering, following a rating scale ranging from “0” (sound, no evidence of
fungal attack) to “4” (structural breakdown caused by decay). The rating scale used was adapted
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from EN 252 (2014) and AWPA E25-13 (2014) (for more details see Kutnik and Montibus,
2019). The scale and the description of the corresponding damage are presented in Table 1.
Table 1. Description of the rating scale used for the assessment of fungal decay.
Description of boards’ degradation

Rating level
0 – not degraded

• Little/surface checks
• No evidence of decay, no degradation of the fixation points

1 – slight degradation/very limited
extent, no immediate impact on
boards’ usability, no maintenance
action required

•
•
•
•

2 – moderate decay, no immediate
impact on boards’ usability,
maintenance action might be
required within the next few years

• At least 2 fixation points with evidence of decay
• Decayed area: max depth 2-3 mm over max 5 cm²
OR depth of 5 mm over max 2-3 cm²

3 – severe decay, replacement to
be scheduled shortly

4 – failure, replacement needed

Numerous surface checks and/or few deep checks
Maximum 1 fixation point with evidence of decay
Minor softening on end-grain or on sides of checks
Decayed area <2 cm²

• All fixation points decayed
OR extensive decay area > 5 cm² and/or > 3 cm3
• Visible fungal activity and/or mycelium and/or fruiting body
• Severe decay, likely to seriously affect the loadbearing capacity but
not broken when stepped on sharply by a person of moderate weight
• Very severe decay with greater than 50% of a cross section affected
• Breakage of the board or severe surface collapse
• Failure when stepped on sharply by a person of moderate weight

4 Results of the Inspection Carried Out After 10 Years of Weathering
The cumulative impact of wood’s natural durability, exposure conditions and effectiveness of
design-based protective measures on the service life of the tested wooden constructions were
quantified based on the evaluation of fungal decay. The results presented are those of the
evaluation of the decks and the post-to-beams assemblies.
4.1 Assessment of the Decking Modules With Regard to Fungal Decay
The results of the evaluation are presented in Table 2 for each wood species, design type and
location (“Bord” for Bordeaux and “Charr” for Charrey-sur-Saône).
The upper surface of the decks manufactured from oak, Douglas fir, larch and maritime pine
(the latter in Charrey-sur-Saône only) showed either no or very little visible decay or decay
limited to parts of the boards which were assumed to be residual non-durable sapwood. For this
reason, the decks were left in place in order to allow future evaluation and only the top side of
the boards was rated. After 10 years of weathering, the impact of the selected design details
used in the decks manufactured from these four wood species was not measurable yet.
Oak (the durable reference species) resisted fungal deterioration over time, with 14 out of
the 16 boards rated “0” for both design A and F in Bordeaux and all 16 in Charrey-sur-Saône
rated likewise. Deck boards made from moderately to slightly durable larch and Douglas fir
resisted deterioration over time on both test sites, the great majority of deck boards being rated
“0” for fungal decay. A few boards reached the decay level of “2” and “3”, but this degradation
concerned only the residual sapwood parts. Deck boards made from maritime pine resisted
degradation in Charrey-sur-Saône to the same extent as larch and Douglas fir, but high

1557

Magdalena Kutnik, Martine Gabillé and Mathilde Montibus

variability was observed in Bordeaux (deck boards rated from “0” to “4”). Maritime pine boards
comprised a lot of sapwood and this is certainly the main cause of their premature decay.
Table 2. Number of deck boards of each wood species and design type rated 0 to 4.
Number of boards per rating level
Number
of
boards
Rating 0
Rating 1
Rating 2
Rating 3
Rating 4
14
1
1
0
0
16
Bord
A
Charr
16
0
0
0
0
16
oak
14
2
0
0
0
16
Bord
F
Charr
16
0
0
0
0
16
13
3
0
0
0
16
Bord
A
Charr
15
1
0
0
0
16
larch
13
1
2
0
0
16
Bord
F
Charr
14
1
0
1
0
16
10
2
3
1
0
16
Bord
A
Charr
15
1
0
0
0
16
Douglas
fir
10
1
2
3
0
16
Bord
F
Charr
14
1
0
1
0
16
6
3
2
4
1
16
Bord
A
Charr
13
1
0
2
0
16
maritime
pine
4
0
3
4
5
16
Bord
F
Charr
15
0
0
1
0
16
2
6
6
2
16
Bord
0
A
Charr
0
5
8
3
0
16
1
1
8
0
10
Bord
0
B
Charr
0
0
3
4
5
10
5
18
6
5
2
36
Bord
C
Charr
0
13
6
14
3
36
spruce
1
5
5
1
4
16
Bord
D
Charr
0
5
5
4
3
16
7
4
3
1
0
16
Bord
E
Charr
2
10
2
0
2
16
5
5
1
1
4
16
Bord
F
Charr
9
5
0
2
2
18
8
5
3
16
Bord
0
0
A
Charr
0
12
2
1
1
16
1
4
5
0
10
Bord
0
B
Charr
0
10
1
1
0
10
7
16
7
2
36
Bord
0
C
Charr
0
16
11
9
0
36
poplar
6
7
3
16
Bord
0
0
D
Charr
0
10
3
3
0
16
4
6
5
1
16
Bord
0
E
Charr
0
11
4
0
1
16
4
6
5
1
16
Bord
0
F
Charr
0
6
6
2
2
16
Bordeaux/Charrey: dark orange/green colour = highest number of decks with the same rating; light orange/green
colour = dispersion of ratings over the deck boards
Wood
species
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Non-durable poplar and spruce decks were dismantled and the boards were individually
rated for fungal decay. High variability was recorded in the extent of fungal degradation
depending on the tested design and exposure site.
Spruce bottom-screwed deck boards (design types E and F) were significantly less decayed
(high number of boards with no - rating “0” - or very little - rating “1” - decay) than topscrewed ones, except boards assembled according to design C (5 cm wide, 1 screw at each end).
These boards showed high variability in their resistance to fungal decay and better overall
performance than types A, B and D, especially in Bordeaux. The general trend is that decks
installed in Bordeaux were slightly less decayed than in Charrey-sur-Saône.
Poplar deck boards were significantly less decayed in Charrey-sur-Saône than in Bordeaux.
However, the impact of the design was less obvious than in the case of spruce. Similar
performance was found for all decks irrespectively of their design in Charrey-sur-Saône and
slightly better performance of bottom-screwed boards was observed in Bordeaux.
4.2 Post–to-Beams Assemblies
The assemblies evaluated on the test devices made from oak, larch, Douglas fir and maritime
pine were all found sound after 10 years of exposure, irrespective of the tested design.
Spruce and poplar wood mortise-and-tenon and cross lap assemblies constructed according
to water-draining designs were all sound in both test sites, irrespective of whether they were or
were not directly exposed to wind-driven rain. Assemblies constructed according to watertrapping designs were decayed to different extent, depending on the wood species (spruce was
less decayed than poplar) and test site (test devices installed in Charrey-sur-Saône were less
decayed than those in Bordeaux). Decay fungi degraded the wood-to-wood contact zones of
both elements (posts and elements connected to them) leading in many cases to the breakdown
of the assembly. Figure 3 shows that mortise-and-tenon (1) and cross lap (2) assemblies were
either sound, when constructed according to water-draining design (WD) or extensively
decayed by fungi, when constructed according to water-trapping design (WT).
Several wooden elements connected to the posts were affected by superficial decay (larch,
maritime pine, poplar and spruce), located mostly on their upper part and/or in sapwood parts.
1

2

2

Figure 3. Poplar posts connected to beams in Charrey-sur-Saône, France.
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13 Conclusions
-

-

Significant differences in the ability of wood to withstand decay over time were
observed depending on the selected design details used and the surrounding climatic
conditions, especially in the case of non-durable spruce and poplar wood;
The continental climate was less favorable to decay fungi than the oceanic one;
A positive effect of the water draining designs was demonstrated for decks and
assemblies made from non-durable spruce and poplar wood, with fewer elements being
affected by fungal decay and lesser extent of decay;
The moderately durable heartwood of larch, maritime pine and Douglas fir was
unaffected by decay, even under severe conditions of exposure to rain and water
accumulation (decking). This suggests that these wood species could be used without
any preservative treatment, provided the sapwood has been removed, for manufacturing
outdoor structures whose service life could by far exceed 10 years;
Wooden structures made of non-durable spruce and poplar showed high variability in
terms of resistance against fungal decay, but with a high percentage of elements being
still sound or below their limit state of use after 10 years;
European standards provide keys to proper selection of timber species (EN 350:2016),
understanding of the biological risks associated with their use (EN 335:2013) and proper
treatment where necessary (EN 599-1:2014). However, given the diversity of conditions
under which wood may be in service, there is no direct, simple and reliable method to
predict service life under real-use conditions based on durability classification alone. To
accomplish this more reliable service life prediction tools need to be developed.
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Abstract. The main aim of the work is to study the effect of different fibres (steel, glass and basalt) on
resistance of blast furnace slag-based alkali-activated mortar in acidic environment. The alkaliactivated slag mortars were exposed to 5% sulfuric and acetic acid solutions for 30 days. Mass change,
compressive strength and microstructural changes were evaluated. In plain mortar, it was observed that
70% of the strength was retained in acetic acid environment whereas only 20% of residual strength
remains in sulphuric acid environment. FTIR spectroscopy shows the degradation of the matrix, which
implies the alkali-activated mortar was more vulnerable in sulphuric acid environment due to its
aggressive nature compared to acetic acid. Decalcification and formation of calcium acetate also
hinders the further progress of damage in acetic acid attack. Fibres helped in improving the
performance of the mortar by holding the matrix together when the degradation occurred in acidic
environment. Compared to plain mortar, incorporation of steel fibres exhibited a maximum strength
retention of 19% in acetic acid and 7% in sulphuric acid, followed by glass and basalt fibres. SEM
images clearly show the debonding of fibres and disintegration of matrix in acidic environment, which
resulted in strength loss.
Keywords: Slag, Alkali Activation, Fibre-Reinforced Mortar, Acid Attack, Durability.

1 Introduction
Interaction of cementitious materials with acidic environment is an important factor to be
considered for the durability of structures exposed to harsh environment such as industrial waste
water, sea water and acid rain. Alkali activated materials (AAM) are alternative cementitious
system that is extensively studied in recent years (Mehta and Siddique, 2016). AAM does not
involve Ordinary Portland cement (OPC) and can use 100% industrial side streams as the
binding material, making them an energy efficient alternative for construction (Heath et al.,
2014). The properties of AAM are mainly affected by the type of binder material used. AAM
shows similar mechanical characteristics as that of OPC concrete, however still further studies
are needed about its long-term durability performances (Provis et al., 2007). In specific, the
chemical attack in aggressive environments like acidic, chloride, sulphate and carbonate, are to
be focused.
In OPC concrete, calcium is considered to be the weakest link in the hydration product as it
leaches out in acidic environment (Bernal et al., 2012). Though there are published studies on
the low solubility and high resistance of AAM in aggressive environments (Aiken et al., 2018;
Fernández-Jiménez and Palomo, 2009), there are also limitations in understanding their
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performance in the presence of different type of fibers. In this study, an effort is made to study
the effect of sulphuric (H2SO4) and acetic (CH3COOH) acid on alkali activated slag (AAS)
mortar with steel, glass and basalt fibers. Mainly, strength retention, microstructural changes
associated with the structural damages are focused.

2 Experimental
2.1 Materials
Alkali activated slag mortar (G1) was made with ground granulated blast furnace slag (GGBFS)
which was obtained from Finnsementti, Finland. Granules of anhydrous sodium metasilicate
(SS, 1 mm size) with SiO2/Na2O ratio of 0.9 was procured from Alfa Aesar. SS was mixed with
GGBFS in the ratio of 1:9 and co-grinded in a ball mill for 30 mins. Four different fibers were
used in this study (Fig. 1). Table 1 lists the properties of these fibers. Fiber reinforced mortar
can be identified by a nomenclature that G1S6 represents G1 mix with steel fiber of 6 mm
length. Similarly, G and B were used for glass and basalt fibers, respectively. Additionally, a
mix with combination of 6 mm and 12 mm steel fibers in the ratio of 1:1 (G1SM) was made.
Deionized water was used for mortar production.

Figure 1. Different type of fibers.

2.2 Methods and Test Procedures
To produce mortar specimens, co-grinded slag and fine aggregate in the ratio of 1:2 was dry
mixed for about a minute. Water was added to it (water-binder ratio = 0.35) and further mixed
for 3 min. Fibers (1% weight of binder) were introduced to this slurry gradually while mixing
was continued until a homogenous distribution was achieved. The fresh fiber-reinforced alkaliactivated slag mortar was cast into cubic (50 × 50 × 50 mm3) molds. The specimens were
demoulded after 24 h and cured in 20 ˚C with 100% RH for 28 days.
Table 1. Properties of fibers.

Properties
Length (mm)
Density (g/cm3)
Modulus of Elasticity (GPa)
Tensile strength (MPa)
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Type of fibre
Steel
Glass
Basalt
6
12
6
6
7.88
7.85
2.68
2.67
200
200
72
85
2200
2000
1400
3500
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Compressive strength before exposure (three cubic specimens) to acidic environment was
determined using 3000 kN capacity with a displacement rate of 1.8 mm/min. Resistance to acid
attack was studied by exposing three cubic specimens each in 5% acetic (pH 2.4) and sulphuric
(pH 0.8) acids for 30 days. Later, compressive strength of the acid attacked specimens were
measured. Broken pieces after testing the strength were milled to powder and used for further
analysis. Deterioration mechanism of the acids in different mixes were further investigated
using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and scanning
electron microscopy (SEM).
One of the cubic specimens was reserved for image analysis. Images of the cross-section
of the specimen was captured as 1 cm cubes with optical microscope. Hence 25 images for each
mix was analyzed and used to quantify the area of deterioration in the acid medium. In the
color-based image analysis, the k-means clustering is an oft-used algorithm (Qi et al., 2016). In
one of each partition, the algorithm detects ‘k’ centroid from the ‘n’ number of datasets (here,
pixel value), k<n. This algorithm is an iterative process which updates its centroid based on
squared Euclidean distance of the data from the centroid within the cluster. Concrete is a
composite with many particles of different colors and acid attacked region is not uniform in
color too. However, the undisturbed core can be identified as a first step. The ‘k’ value has been
chosen randomly and subsequently the clusters are arranged in order to minimize the intracluster variances and maximize the inter-cluster variances. The square error function (𝑬𝑬𝒔𝒔𝒔𝒔 ) of
the algorithm is given by equation (1),
Where, 𝐶𝐶𝑗𝑗 is the centroid,

(𝑗𝑗)

𝐸𝐸𝑠𝑠𝑠𝑠 = ∑𝑘𝑘𝑗𝑗=1 ∑𝑛𝑛𝑖𝑖=1 ‖𝑥𝑥𝑖𝑖
1

(𝑗𝑗)
𝐶𝐶𝑗𝑗 = 𝑛𝑛 ∑𝑖𝑖∈𝑆𝑆𝑗𝑗 𝑥𝑥𝑖𝑖
𝑗𝑗

− 𝐶𝐶𝑗𝑗 ‖

(1)
(2)

‖−‖ is the distance measurement (here, Euclidean distance), between centroid 𝐶𝐶𝑗𝑗 and the data
(𝑗𝑗)

𝑥𝑥𝑖𝑖

in the cluster 𝑆𝑆𝑗𝑗 .

3 Results and Discussion
3.1 Influence of Type of Acid
Visual examination of the AAS mortar shows very small change in appearance with acetic acid
environment, however there is visible disintegration of the specimen when exposed to sulphuric
acid (Fig. 2). This is because acetic acid is a weak acid (only partially deprotonated), whereas
sulfuric acid is a strong acid (complete deprotonation). Further exploring the chemical/
mineralogical changes on the acid exposed specimens explains that the reaction products
formed by interaction of different acids plays an important role. Most important changes of acid
attack would be the decalcification of the calcium silicate hydrate (C-S-H) in the hydration
product. This resulted in shifts in aluminosilicate spectral bands that happens in the region 900
to 1200 cm-1 of FTIR curves of the acid attacked samples (Bakharev, 2005). Further, the
formation of calcium acetate with acetic acid is confirmed with the presence of a C-O stretching
vibrations at 1556 cm-1 (Fig. 3 (a)). This can also be clearly identified with XRD peaks in Figure
3 (b). The dealumination and condensation caused increase in siloxane chain length and
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corresponding increase in intensity at 980 to 1100 cm-1. This is not significant in sulphuric acid
samples, rather shifting of peak at this region was observed. This shows that sulphuric acid
resulted in delamination due to depolymerization of the AAS binders.

a

b

c

Figure 2. Cubic specimen before (a) and after 30 days exposure in sulphuric (b) and acetic (c) acid.

a
b

Figure 3. FTIR (a) and XRD (b) spectra of AAS mortar before and after exposure to acid.

SEM images of the acid attacked samples are shown in Figure 3. In both cases, damaged
layer and the core area can be identified in the microstructure level. However, it is clearly visible
that the sample is vulnerable for debonding in sulphuric acid (Fig. 4 (c)) than in acetic
environment (Fig. 4 (a)). The formation of calcium acetate as an intermediate layer (Fig. 5, L2)
is well observed in the optical microscopic image of acetic samples. This layer, infact acted as
a protection to the core matrix from further attack (Fig. 4 (b)). Though there is also formation
of similar layer with sulphuric acid, the reaction products are mainly gypsum and calcite (Fig.
3 (b) and 4 (d)) which were not stable enough to stop the progress of the sulphuric acid in to
the core (Koenig and Dehn, 2016; Khan et al., 2018).
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a

c

b

d

Figure 4. Representative SEM images of AAS mortar exposed in acetic (a,b) and sulphuric (c,d)
acid.

An attempt was made to further quantify the different layers formed and their effect on the
binder matrix in Figure 5. Based on the image analysis, core area (27%) is similar in both the
acid medium. However, the damage caused by these acids looked different. Layer L2 (7%) in
the acetic sample looks denser which could be due to the filling up of pores with calcium
acetate. Layer L1 in both the samples looks disintegrated and deteriorated with lower binder
content.

L1
Core

L1
L2
Core

Figure 5. Representative image analysis of acid attacked AAS mortar specimens.
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3.2 Role of Fiber and Their Type

Before exposure
Acetic acid
Sulphuric acid

200

Core

45

% reduction (Acetic)
% reduction (Sulphuric)

S

A

150

Area of binder (%)

% Reduction Compressive strength (MPa)

Figure 6 (a) displays the effect of fibers on the compressive strength of AAS mortar before and
after exposed to acetic and sulphuric acid. It also indicates the percentage reduction in strength
with different mix in acidic medium. The addition of steel fibers increased the compressive
strength of AAS mortar significantly whereas it was not the case with glass and basalt fibers.
Strength reduction with acetic acid exposure is within 10% for the fiber reinforced AAS mortar
except basalt fiber. This could be due to the use of uncoated basalt fiber which might have been
damaged in the high alkaline medium (Wei et al., 2010). However, SEM microstructure shows
the presence of basalt fibers in the matrix of the acetic attacked samples (Fig. 9 (b). Residual
strength of the specimens corroded by acetic acid depends on the fiber used and it is in the
order, mixed steel > 6 mm steel > 6 mm glass > 12 mm steel > 6 mm basalt. This could also be
related to the unaffected area and area of the second layer (L2) which protects the core
unaffected area from further corrosion (Fig. 6 (b)). SEM images of the acetic affected mixes
(Fig. 9 (b), (e), (h)) shows similar structural damage as that of plain AAS mortar (Fig. 4 (a)).
The improvement in residual strength of fiber reinforced AAS mortar could be due to the
physical action of fibers in holding the disintegrated binder phase to some extent (Kim et al.,
2015).

100

50

0

-50

-100

L2

S

G1S6

G1B6

A

30

15

b

a
G1

L1

S - Sulphuric A - Acetic S
S
S
A
S A
A
A

G1S6

G1S12

Mix

G1SM

G1G6

G1B6

0

G1

G1S12

G1SM

G1G6

Mix

Figure 6. Compressive strength (a) and acid affected area (b) of alkali activated slag mortar.

As mentioned earlier, the effect of sulphuric acid on the AAS mortar was detrimental which
is also the case with fiber reinforced AAS mortar. However, with incorporation of fibers, the
residual strength improved in the corroded specimens irrespective of the type of acid. The order
of resistance to sulphuric acid attack by fibers are, mixed steel steel > 6 mm glass > 12 mm
steel > 6 mm steel > 6 mm basalt. This order is also maintained in the unaffected area (core) as
identified in image analysis (Fig. 6 (b)). It can be seen from the SEM images that sulphuric acid
corroded the sample and debonded the fibers completely (Fig. 9 (c), (f), (i)). The basalt fibers
could not be even located in the corroded samples, making it clear that they need to be treated
for such harsh environments (Fig. 9 (i)).
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Acetic acid

Before Exposure

Sulphuric acid

b

c

d

e

f

g

h

i

Basalt fiber

Glass fiber

Steel fiber

a

Figure 9. Representative SEM images of AAS mortar with (steel, glass, basalt) fibers before ((a), (d),
(g)) and, after exposure in acetic acid ((b), (e), (h)) and sulphuric acid ((c), (f), (i)).

4 Conclusions
The influence of acetic and sulphuric acid on alkali activated slag mortar is investigated.
Damage of alkali activated slag can be related to the decalcification and dealumination of the
calcium silicate gels and the aluminosilicates, respectively. In acetic environment, the
formation of calcium acetate acted as a barrier for further diffusion of acid protecting the
unaffected core. However, sulphuric acid is corrosive and resulted in disintegration of binder
matrix. Presence of fibers improved the performance of AAS mortar in corrosive environment.
Residual strength of AAS mortar specimens are 19% and 7% higher with the reinforcement of
mixed steel fibers (6 and 12 mm) in acetic and sulphuric acid exposure, respectively. Basalt
fibers needs to be coated to use them in highly corrosive environment.
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Abstract. Alkali-activated materials (AAM) are now seriously considered by the cement industry as
an economical alternative to Portland cement, especially for its low CO2 footprint. However, their
durability still remain to be assessed in more details. The aim of this study is to focus on the sample
preconditioning conditions required for testing, especially the drying stage involved in most of the
current tests. Four alkali-activated binders were studied: a geopolymer (Na-silicate activated
metakaolin), a Na-carbonate activated slag (GGBS), a Na-silicate activated slag and a Na-silicate
activated mixture of 50% metakaolin with 50% GGBS. After an endogenous cure of 28 days at 20°C,
mortar specimens were dried at different temperatures (from 20°C to 125°C) until mass stabilization.
Drying kinetics and released water contents were evaluated, as well as physical, mechanical and
mineralogical analyses at the end of drying. Optimal drying temperature for each alkali-activated
binder was determined by coupling mechanical strength measurements and mercury intrusion
porosimetry. This study revealed that an inappropriate drying temperature could modify the porosity
of some classes of AAM, and reduced the compressive strength by up to 30 to 40%. Antagonistic
behaviors were observed in the four alkali-activated materials studied, therefore one should be careful
about selecting preconditioning protocols for assessing the properties and the durability of these
binders.
Keywords: Alkali-Activated Binder, Geopolymer, GGBS, Drying Conditions, Durability.

1 Introduction
Alkali-activated binders are produced from a source of aluminosilicates (precursor) mixed
with a highly alkaline solution (e.g. sodium (Na) or potassium (K) silicate solutions) called
the activating solution (Davidovits, 1991; Provis and Van Deventer, 2009). There are two
main types of alkali-activated binders, based on the calcium content of the precursors. They
differ from the chemical mechanism that takes place and from the reaction products. For those
rich in calcium, such as ground granulated blast-furnace slag (GGBS), chemical reactions are
based on dissolution/precipitation steps. The main reaction products are C-A-S-H type phases
(CaO-Al2O3-SiO2-H2O) (Pacheco-Torgal et al., 2015). For precursors with low calcium
content, such as metakaolins and type F fly ashes, the term geopolymer is used (Davidovits,
1991). This time, the chemical reactions consist in a dissolution/polycondensation steps,
leading to a 3D-aluminosilicate network. In this network, silicon and aluminium are IV-fold
coordinated and the alkali cation plays the role of a charge-balancing ion (Rowles et al. 2007).
An abundant literature is available regarding the alkali-activated materials (AAM)
formulation, but only few studies deals with durability (Luukkonen et al., 2018). Accelerated
procedures for durability testing of Portland cements mixtures are often applied to AAM

doi:10.23967/dbmc.2020.155
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without any modification, although the raw material used and physico-chemical reactions are
different. These tests usually require a preconditioning of the specimens at temperatures
ranging from 45°C (e.g. accelerated carbonation XP-P-18-458_2008), 80°C (e.g. permeability
XP-P-18-463_2011), or even at 105°C (e.g. porosity NF-EN-18-459_2010). Alkali-activated
binders contain gels and hydrates that can be affected and even destroyed at these
temperatures (e.g. Zhang et al., 2019). Thus, the effects of the preconditioning conditions on
AAM need to be assessed, in order to avoid a deterioration of the specimens that could lead to
misleading interpretations of durability tests.

2 Material and Methods
2.1 Samples Preparation
The raw materials used are Argicem metakaolin from the ARGECO Company; GGBS from
ECOCEM; Betol 47T Na-silicate solution from Woellner (SiO2/Na2O = 1.7), Na-carbonate
powder (Na2CO3) from Solvay, tap water from Toulouse city and standardized sand (NF EN
196-1_2016 and ISO 679_2009). Metakaolin and GGBS properties are available elsewhere in
literature (e.g. Sabir et al., 2001; Pouhet and Cyr, 2015; Pouhet and Cyr, 2016a; Samson et
al., 2017a).
Four alkali-activated mortars with a water/binder ratio of 0.4 were studied (see Table 1).
The first formula is a metakaolin-based geopolymer developed by Pouhet et al. and which has
been the subject of several publications (Pouhet and Cyr, 2014; 2015; 2016a; 2016b; Cyr and
Pouhet, 2015a; 2015b; Pouhet et al., 2019). Two formula of activated GGBS were prepared,
with either a Na-Carbonate or a Na-silicate activating solution (GGBS-carbonates and GGBSsilicates). Finally, a mixture of 50% metakaolin with 50% GGBS activated by silicates is
proposed in this study (Mk-GGBS-silicates) to test the coupling of the two hardening systems
(based on Ca or Na). This formula has been previously tested on paste (Samson et al., 2017a).
Table 1. Mix design, masses in grams.

Geopolymer
GGBS-silicates
GGBS-carbonates
Mk-GGBS-silicates

Metakaolin
450
225

GGBS
450
450
225

Na-silicate
354.9
101.3
228.1

Na-carbonate
45

Tap water
46.2
141.8
198
94

Sand
1350
1350
1350
1350

Mortar specimens 4x4x16 cm3 were made according to the standard protocol NF EN 1961_2016. Most of samples were demolded 24 hours after pouring, except the GGBS-carbonates
formula which was demolded at 48 hours because of its low mechanical properties at early
age. The specimens were then endogenously cured (wrapped in plastic film and sealed in
humidified plastic bags) for 28 days at 20°C. After this cure, some samples were kept in
endogenous conditions, other were dried in different environments (20°C-95% RH, 20°C50% RH, 20°C under vacuum, 40°C, 60°C, 80°C, 105°C and 125°C). Depending on the
drying rate, the mortar specimens were analyzed at different times (the drying time varies
from 12 to 49 days) and most of them at 60 days, and then compared to the mortar specimens
kept in endogenous conditions for each due date. As regards the geopolymer specimens
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placed in the vacuum desiccator, the pump operated only during laboratory’s office hours (8
hours a day, otherwise the vacuum was maintained over the test period).
2.2 Characterizations
Several analyses were carried out in order to assess the effect of drying on the four alkaliactivated materials:
- Mass monitoring was performed until mass stabilization, i.e. until the mass loss is less than
0.01 % between 7 consecutive days (except with 20°C-50%RH conditions which would take
months to dry).
- Compressive strengths were determined using a standardized 3R press (NF EN 1961_2016). Three measurements per mortar prism were made using a ramp of 5 kN / second.
Measurements were carried out on the dry specimens as well as on control ones stored under
endogenous conditions over the same period. In order to evaluate the dispersion of data, three
specimens by drying condition were analyzed for each formula.
- Mercury intrusion porosimetry was performed using an AutoPore IV 9500 Porosimeter from
Micromeritics according to the ISO 15901-1_2005 standard. Unlike what is recommended in
the standard, samples did not undergo pretreatment for mercury intrusion analysis (i.e. 110°C
heating in a vacuum oven at 3 Pa for 4 h). Endogenous samples containing water are therefore
not dried, but dehydrated during evacuation step in the porosimeter. In order to be consistent
for all samples, the test did not start until the exhaust pressure was ≤ 50 μmHg assuming
complete removal of pore water.

Figure 1. Mass evolution during drying at different temperatures of Geopolymer (A), GGBS-silicates (B),
GGBS-carbonates (C) and Mk-GGBS-silicates (D). The circles represent the mass stabilization point.
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3 Results and Discussion
3.1 Mass Monitoring
The mass variations recorded during the different drying processes show that the higher the
temperature, the faster and more important the drying process (Figure 1). The comparison
between the four materials shows different drying kinetics and different water content trapped
in the structure of the material depending on the type of AAM. The drying rate is quicker
when metakaolin is used as a precursor (Figures 1A and 1D), especially at lower
temperatures, i.e. 20°C, 40°C and 60°C. Besides, almost all the mixing water has been
evaporated in geopolymers at 105°C while almost 8% is remaining in GGBS-silicates (results
not shown here). This can be explained because in geopolymers, all the water initially
introduced is located in the porosity of the materials or in the alkali hydration sphere in the
structural cavities of the Si-Al network (Rowles et al., 2007), while in GGBS systems part of
the water is bound in reaction products (C-A-S-H).
3.2 Mechanical Compressive Strengths

Figure 2. Compressive strengths (CS) of mortars cured in endogenous conditions (black spots) or dried at
different temperatures (after endogenous treatment of 28 days). Geopolymer (A), GGBS-carbonates (B), GGBSsilicates (C) and Mk-GGBS-silicates (D). The legend inserted in C is valid for all figures.

In endogenous conditions, geopolymer samples show a slow increase of mechanical
compressive strengths (CS) from 61 ± 6 MPa at 28 days to 70 ± 5 MPa at 88 days (Figure
2A). This increase seems to be stabilized after three months, as confirmed by six-months
sample analyses. For GGBS-carbonates and GGBS-silicates, CS start from 41 ± 2 MPa and
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77 ± 6 MPa at 28 days, respectively, then reach 54 ± 2 MPa and 89 ± 4 MPa two months later
(Figure 2B-C). The CS increase is greater than for the geopolymer, and seems stabilized
beyond 6 months. CS of the Mk-GGBS-silicates formulation increase from 49 ± 1 MPa at 28
days to 75 ± 4 MPa at 77 days (Figure 2D). To conclude, all four formulations show a
progressive CS increase during the first months in endogenous conditions, probably linked to
the pursue of chemical processes with time.
When the mortar specimens are dried (after endogenous curing for 28 days), the
mechanical strength depends on both formula and drying conditions. For a drying temperature
≥ 50°C, geopolymer shows an important CS loss (up to - 36 %), even if the temperature
conditions are extended for several weeks (Figure 2A). On the other hand, at drying
temperature ≤ 40°C, CS were similar to endogenous ones. For GGBS-carbonates and GGBSsilicates, drying with temperature ≥ 80°C or at 20°C (with several humidities) does not
decrease the CS, which are similar to those of samples stored under endogenous conditions
(Figure 2B-C). However, drying at 60°C or more significantly at 40 °C decreases the CS up to
-24% and -29% for GGBS-carbonates and GGBS-silicates, respectively. As for geopolymer,
when the drying is maintained for a longer period than required, CS do not evolve anymore
whereas in endogenous conditions the CS slightly increases, probably due to the wet storage
that enable the further reaction of the materials. Finally, drying of the Mk-GGBS-silicates
formulation considerably reduce CS (from - 30% to - 50%) whatever the temperature used
(Figure 2D). Only samples cured in wet room (20°C 95% RH) retain similar mechanical
strengths before and after curing.
3.3 Hg Porosity
In endogenous conditions, the total porosity of the four formulas does not change significantly
between 28 and 88 days. Also, only the average value has been reported in Figures 3 and 4.
Mean porosity is closed to 18 % for geopolymer, 15 % for GGBS-carbonates, 12.5% for
GGBS-silicates and 15.5 % for Mk-GGBS-silicates. GGBS blends therefore have a lower
porosity due to the formation of hydrates, when in geopolymers the water expulsed during
condensations reactions is responsible for more porosity.
In drying conditions, the total porosity evolves differently for each system, as it seems to
increase with the temperature level for the geopolymer (Figure 3A, 3B and 4A), to be quite
stable for GGBS-carbonate (Figure 4B), having a maximum value for a drying temperature of
40°C as regards of GGBS-silicates (Figure 4D) and to be higher but stable for Mk-GGBSsilicates (Figure 4D).
Concerning the pore size distribution, geopolymer kept in endogenous conditions has half
of the porosity attributed to pores < 10 nm, a quarter to 10-100 nm and the last quarter to >
100 nm (Figure 4A). However, this does not mean that half of the porosity is < 10 nm, but
that the access to half of the porosity is possible by a diameter lower than 10 nm (according to
inkbottle effect, e.g. Benavent et al., 2016; Muller and Scrivener, 2017). Except desiccation
under vacuum which is not an efficient drying, even a smooth drying at 20°C has the effect of
replacing all the porosity < 10 nm by the category 10-100 nm. A strong drying replaces half
of the 10-100 nm by the 0.1-1 µm and there is an increase of the 1-10 µm pore size. In
summary, for the geopolymer, the more intense the drying, the greater the pore size (or at
least the size of the necks).
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Figure 3. Geopolymer mortars mercury porosimetry as a function of drying: cumulative intrusion vs. pore
diameter (A); differential intrusion vs. pore diameter (B).

Figure 4. Pore size distribution for mortars of geopolymer (A), GGBS-carbonates (B), GGBS-silicates (C) and
Mk-GGBS-silicates (D). Endo column represents the average of the samples conserved under endogenous
conditions, analyzed at different ages (28 to 88 days), and showing similar properties. 50% RH for 20°C column.
Up to 10 µm porosities are sometime missing due to porosimetry low vacuum problem.

Globally the same pore size distribution trend was observed for the other three formula, i.e.
a pore size augmentation linked with drying temperature strength. However, pore size
distribution modes slightly differ from one formula to another, for example with a < 10 nm
pore contents varying from one third to half of the total porosity in endogenous conditions.
Furthermore, the change in pore size family towards bigger sizes occurs starting from 20°C
for the metakaolin materials, and from 40°C for the GGBS ones (Figure 4). Both geopolymer
and Mk-GGBS-silicates show an evolution of the porosity with the increase of temperature
from 20°C up to 125°C, while this evolution is limited to the range 20-60°C for GGBS
materials (the pore size distribution remains constant for temperatures ranging from 60°C to
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125°C). It should be noted, however, that the GGBS-silicates has a sharp increase in porosity
for a drying temperature of 40°C, possibly related to micro-cracking induced by mineralogical
transformations as suggested on GGBS alkali-activated concrete (Azar et al., 2020).
Preconditioning recommendations must be a compromise between the drying efficiency
and the impact on both the porous structure and the mechanical resistances. However, in the
absence of mineralogical and microstructural data, results presented in this study should be
interpreted with caution. As it has been demonstrated on Portland cements, capillary stress,
the loss of physically or chemically bonded water from gels or hydrates, the potential microcracking as well as mineralogical changes within the material can lead to misestimating pore
volumes (Gallé, 2000).

4 Conclusions on Preconditioning Drying
The effect of drying 4x4x16 cm samples at different temperatures has been assessed on four
alkali-activated materials, in order to give recommendation for durability test preconditioning.
The drying rate and level depend not only on the nature of the binder, in particular if
chemically bonded water is present or not, but also on the porous arrangement. The results
showed AAM mortars are sensitive to drying, with modifications of porosity and mechanical
strengths. From mercury intrusion measurements, the pore diameter access increases starting
from a drying at 20°C for the formula containing metakaolin as a precursor, and from 40°C
for formula containing GGBS only.
Geopolymer drying at a temperature above 60°C is fast, but increases the measured pore
size, and affects the compressive strength by 40% as a consequence. It is likely that this will
affect the permeability of the material. Using a temperature below 20°C takes a lot of time, is
not efficient, but does not affect the CS and the pore size. Between 20°C and 60°C there may
be a drying optimum to find. A drying temperature of 40°C may be more appropriate for
geopolymer, as it has less impact on the mechanical strength. Drying ramps could be tested to
see if the fall of strength is due to the kinetics of drying or to the temperature itself.
As regards to GGBS-carbonates and GGBS-silicates, drying at T ≥ 80° C is fast, does not
affect CS and slightly increases the measured pore size. In contrast, this study highlights that
the material should not be dried at temperature closed to 40°C, otherwise it could lead to
significant loss of mechanical strengths.
Finally, the Mk-GGBS mixture activated with silicates seems to cumulate the drawbacks
of both alkali-activated systems. Whatever the temperature used, a high degree of damage to
the mechanical strengths is observed, correlated with an increase of the porosity. For such
mixtures, a drying by solvent exchange or by freeze-drying might be interesting, but this type
of drying can only be performed on small samples.
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Abstract. Many factors have to be considered for the correct conservation of cultural heritage, in
particular, the exposition of the object/site to open air, as the archaeological sites have. The risk
factors can be intrinsic (durability of materials, construction and decorative techniques) and extrinsic
(environmental and microclimatic conditions). The consideration of the conservation issue regarding
the second has to take into account the effects the microclimatic parameters on the objects and the
variation of microclimate for the use, as well as the modification due to the improvement of
accessibility, safety and installations (for example plant and architecture addition/modification). In
fact, the main objective of the conservation/fruition of the archaeological areas is achieving the
project choices most integrated, functional and adequate to meet the needs of conservation.
Monitoring and diagnostics are a necessary condition to be able to correctly define the design
choices. The proposed contribution aims to specify how monitoring the microclimatic values play a
fundamental role in the whole process of conservation, since the early study to the management of the
site, to ensure the greater conservation and durability of the material and, ultimately, the best fruition
at present and in the future.
Keywords: Archaeological Site, Historic Materials, Roman Tombs, Accessibility, Durability,
Management Plan.

1 Introduction
The valorization of cultural heritage, achieved together with the conservation goals, must take
into account the control of the condition of use.
The valorization of the wide range of types of cultural heritage includes many different
possible uses, always respectful of the compatibility with the cultural goods and sites. In all
the cases, the proper management of cultural heritage includes the conscious use(SanchezMoral, 2005), and it is a warrant the conservation: the use is opposed to abandonment, that
causes consequently to the loss of historical material, due to the natural effects of aging,
waste, human activities etc.
The final goal is to achieve an integrated design that manages to coexist the architectural
and plant engineering aspects with the cultural value that the site represents.
In the case of archaeological sites, it is evident that re-use is not functional as it is in historical
buildings (Thompson, 2007); however, valorization activities include the correct management
of the site, for achieving the conservation goals and economic sustainability.
The Conservation Plan, defined in the cultural heritage code as the tool of the conservation
process, includes information related to the constant control of the asset; among these, the
code lists diagnostics and instrumental monitoring.

doi:10.23967/dbmc.2020.238
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Figure 1 and 2. Aerial view of the archaeological area of Tuvixeddu in Cagliari and sign of the paths and open
tombs at the park entrance (credits to Intercral Ass.).

The different complexity of the archaeological sites, compared to other cultural assets,
requires to articulate the design to solve the specific problems, above all the mitigation of the
effects of the environment and the context (Huisman et al., 2009) including also how the site
is used. In fact, the estimation of risks necessarily includes the evaluation of the impact of
visitor presence on microclimatic conditions and therefore on the conservation of historical
materials: together with the microclimatic perturbance, the accessibility of visitors can require
more modifications than in Historical buildings, especially if the archaeology site is
underground or if it is a ruin. Additional fragility of open air sites consists of the continuous
ageing, weathering, growth of vegetation and in isolated places random or usual
passage/nesting of animals too.
Therefore, in the project of conservation and valorization, it is fundamental to recognize,
know and understand these factors and the interferences they can generate. Diagnostics and
monitoring are in a key position for acquiring that information, therefore they have an
important role in the design and management of sites.
The biggest challenge, still ongoing, is to find an optimal threshold between conservation
and valorization. The contribution presented here aims to understand the role of diagnostics
and microclimatic monitoring within the cognitive process, both in the preliminary and
fruition phases. The final goal is to prolong the durability of the materials, assuming that the
material is the manifestation of cultural and historical value. Diagnostics and monitoring are
therefore a fundamental activity for understanding and mitigating risk factors that affects the
durability of goods and sites (Rosina et al., 2011; Cecchini, 2012; Rosina, 2012; Camuffo et
al., 2015; Rosina et al., 2019). In the following, the paper presents the investigation,
monitoring, management of an underground Roman tomb in the Necropolis of Tuvixeddu in
Cagliari (Figures 1 and 2).
The tomb is built inside a limestone bench and the internal surfaces are decorated with wall
paintings and lime mortar stuccos.The assessment of the site regarded materials (surface
sampling and chemical analysis for the characterization), degradation (sampling and chemical
and biological investigations), archaeological (excavation and acquisition of results),
environmental and microclimatic. The latter, which began in July 2017, includes continuous
monitoring of microclimatic values (still in progress) and various psychrometric and
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thermographic campaigns with the aim to understand the behaviour of the microclimate at
static conditions, how it varies during the seasons, the effects of opening and presence of
visitors inside it. Regarding this last aspect, continuous monitoring has allowed the recording
and analysis of data also during the phases of archaeological excavation and restoration of the
surfaces, when up to 10 people remained inside for many hours a day. The monitoring lasted
during the discovery of new burial environments and the lowering of the walking surface to
the original height, that changed of the air volume. The measurement made it possible to
verify the trend of the microclimatic parameters as the volumetric conditions changed, as well
as the variations due to the ventilation conditions and the presence of people.
The microclimatic data were cross-checked with the results of the chemical and biological
analyses, that supported also the choice for design and size of the light system (type, lighting
localization and time), air conditioning and control to be installed.

2 Method and Tools
Diagnostic and monitoring of the tomb case study cover a time span of 30 months. During
this period several analyzes and data collection were carried out:
- Monitoring of T and RH by means of sensors
- Monitoring of T and RH by means of a psychrometer
- Thermography scanning
- Sampling and measurement of the quantity of water present on the surfaces - Sampling and
quantification of the salt content
- Sampling and characterization of the biological degradation phenomena
Thermography and psychrometric measurements were performed on a seasonal basis. In
particular, the thermograms recaptured wall and ceiling surfaces a to investigate any
variations due to the presence of water in the limestone rock bank due to rain, natural sources
and the above garden that has been regularly watered for years. The seasonal acquisition
campaigns with psychrometer were carried out in double stroke, in the morning and in the
afternoon, and detecting the values at two different heights (about one meter from the floor
and near the ceiling). Finally, biological analyzes were performed for the characterization of
some fungal formations that occurred only in certain periods and at specific external climatic
conditions. All instrumental analyzes and investigations were carried out according to the
regulatory standards contained in UNI 9252/88, UNI EN 16.714-1: 2016, UNI EN 13187:
2000.

3 Results
3.1 Monitoring
Prolonged monitoring over time has allowed researchers to build the so-called ”historical
climate” (Camuffo et al., 2015). The goal was to understand how and under which events the
values of T and RH varied over time. The evaluation included the comparison with the
environment data outside the tomb; a main the result was the identification of the time
windows throughout the year in which the values of the microclimatic parameters were
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almost similar, leading to the consideration that any opening could not cause large imbalances
and therefore potential risk situations for the interior decorated surfaces.
Moreover, the data processing made it possible to observe the distribution of the T and RH
values within the room and the side niches: the greatest variations resulted near the entrance.
In that area, the imbalance is due to the poor insulation of the door and the presence of a
closing wall made of concrete and brick blocks (that was built years ago to close the tomb
after the demolition of a part of the rocky bank). The variations in the temperature parameters,
evident in the thermograms, are clearly due to the different thermal transmittance of the
concrete and the brick compared to the limestone. The phenomenon of the temperature
increase is also favored by the orientation of the entrance front to the south-west without any
screen or shadowing object, therefore it is subject to solar radiation in the hottest hours of the
day.
Today the conformation of the tomb has changed compared to the situation in which the
psychrometric and thermographic shot were made. New sepulchral rooms and the original
level of the floor, that over time had been covered, emerged during the
archaeologicalexcavation carried out before the restoration works. Furthermore, the presence
of archaeologists and restorers made it necessary to open the tomb with a much higher
frequency than in the previous period. After the works inside have been completed, a new
campaign of measurements with the psychrometer and thermographic acquisition is planned,
to compare and analyse the changes that have taken place and formulate the appropriate
design choices for the use of the site.
The acquired data have shown that the distribution of temperatures is almost homogeneous
throughout the whole year, with seasonal variations of around 2°C and Relative Humidity
between 90% and 100%. The thermograms made it possible to highlight some thermal
anomalies near the entrance wall, for the reasons described above, and in some points of the
vaults of the side niches. This last phenomenon can be explained by a probable variation in
the thickness of the rocky bank. In addition, the moisture could be due to the presence of a
private garden above, which is regularly watered also in the periods of absence of rain. As a
conclusion, it is probable that the concomitance of the presence of water in the ground
practically constant and the reduced rock thickness make the infiltrations possible in some
weak points.
As regards the laboratory analyzes carried out on the samples, it emerged that the quantity
of water is particularly high, also confirming the humidity values detected with continuous
monitoring and with the psychrometer. The analyzes however revealed a difference in the
results between the samples taken near the entrance and those taken in the innermost parts. An
explanation is that the ventilation conditions are different; in fact, the brick and block
masonry and the uninsulated door felt higher ventilation than inside, thus favoring the surface
evaporation of humidity. In natural conditions, the analysis of the internal values showed a
variation of 0.5° C every ten days, approximately. After reporting the internal data compared
to the external data, it emerged that the internal average values have variations that do not
follow the external ones, as well as having a delay between the peaks (both maximum and
minimum) of about two months compared to those detected externally. Instead, during the
permanence of the archaeologists and restorers (December 2018) monitoring registered higher
variations in temperature and more modest variations in humidity.
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Figure 3. Graph of the daily average Temperature values recorded between November and December 2017 .

Figure 4. Graph of the daily average Temperature values recorded between November and December 2018.
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3.2 Risk Factors
Concerning the above and the results obtained from the diagnostics, the following risk factors
have been identified:
- Variability of microclimatic values in different conditions
- Different conditions of exposure to the presence of water in the overlying layer
(heterogeneity of shapes and dimensions of the rocky bank)
- Presence of people within the site
To the first point, in addition to the implementation of an air control system, the insertion
of an inlet bush that acts as an isolation environment for the passage of people could be
particularly effective to avoid instantaneous and frequent imbalances in ventilation and
microclimatic values. This aspect is strictly connected to the good knowledge of the optimal
valuesthat must be respected for the conservation of the surfaces.
To the second point, particular attention must be paid to the critical points when designing
the systems which, due to the intrinsic construction characteristics, are more exposed to
infiltrations.
Last aspect, the presence of people (meaning both visitors and other subjects who can
access the rooms for various reasons), in addition to an accurate programme of times,
frequency and maximum number of people admitted, the systems should guarantee the
possibility of adjusting the air control according to the changes to maintain the optimal
conditions stably, avoiding unbalances that are harmful to the surfaces.

4 Opening Versus Conservation?
The availability of scientific literature and the present capability to conduct more appropriate
restorations with the investigation of the chemical-physical properties allowed to safely open
some tombs, through the study of air control and the management of the number of accesses.
The environments resulted with good thermal inertia due to the thickness and the quality of
the rocks. On the contrary this determines that the environments are particularly humid and,
with scarce possibility to reduce the humidity. The major thermal unbalances are located near
the entrances and during their opening.
Therefore, to improve the durability of historic materials in such severe ambient
conditions, the scientist and competent authorities took the choice to open only the tombs
with more durable materials in open air and provide a consistent plan of conservation for
periodic inspection and preventive activities.
Moreover, another analysis conclusion is that only few people at time can access. The
installation of a narrow suspended path above the floor has been another help to reduce the
passage of many visitors at the same time. The material of the walkway will be aesthetically
compatible and waterproof to stand the high humidity and do not stain with rusty the
underneath structure of the tomb. Special care has been devoted, design the entrance room,
with the aim to create a double space isolate the microclimate from the external variation and
guarantee an intermediate space for disables. Although conservation goals seem to contrast
the valorization ones, that include to visit the site, the experiences conducted in the last
decades showed that is possible to combine such divergent issues by keeping under control
the condition and constantly updating and revising the management plan. Especially in a time
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of possible variation in the climate, monitoring ambient conditions is crucial for any decision
regarding the management of the fragile heritage exposed outside. The installation of visitor
centers, in which it is possible to have virtual visits, watch videos, documentation and any
multilevel shared knowledge, can highly decrease the pressure of real visitors. Nevertheless,
opening the tombs remains a necessity that has to take into account and be possible also for
technical purposes of the conservation itself. The design of the accessibility and its boundary
remains one of the central focus of the conservation of archaeological sites, although sharing
experiences and knowledge is far from any possible standardization of the solutions. What is
possible, instead, is to share the best practices for acquiring data and monitoring in any phase
of the long process of conservation, starting from the preliminary overview up to the
maintenance and regular inspection after the restoration.
ORCID
Elisabetta Rosina: http://orcid.org/0000-0002-5137-1624
References
Blasco, M.F., Recuero, N., Aldas, J. and Garcia-Madariaga, J. (2018). Tourism sustainability in asrchaeological
sites. Journal of Cultural Heritage Management and Sustainable Development, 8(3), 276-292.
Camuffo, D. and Bertolin, C. (2015). New insights and meaning of “historic climate” and reburial of
archaeological monuments. International colloquium and round table in “modern methods for the protection
of newly uncovered archaeological structures. Emergency conservation, protective covering, historical
climate and reburial of archaeological monuments”, Sofia and Haskovo, 10-13 Nov, 113-125.
Cecchini, A. (2012). Le tombe dipinte di Tarquinia, vicenda conservative, restauri, tecnica di esecuzione.
Kermes quaderni, Nardini Editore.
Della Torre, S. (2003). La conservazione programmata del patrimonio storico architettonico, Milano, Guerini e
Associati.
Della Torre, S. (2010). Preventiva, integrata e programmata: le logiche coevolutive della conservazione, in
Pensare la prevenzione. Manufatti, Usi, Ambienti, Atti del convegno Scienza e Beni Culturali, Bressanone,
G. Biscontin and G. Driussi (Eds.), Venezia, Arcadia ricerche, 67-76.
Guirguis M. (2017). Le necropoli e i riti funerari in: a cura di M. Guirguis. La Sardegna fenica e punica. Storia e
materiali, ed Ilisso, Nuoro.
Huisman, D.J., Borenhout, M., Smit, A., Van Os, B.J.H. and Manders, M. (2009). Preservation and monitoring
of archaeological sites, Ch. 11, in Degradation of archaeological remains, D.J. Huisman ed., publ. Sdu, 177212.
Rosina, E. (2012). Non-destructive investigations: a case study of a convent in Lombardy (Italy), Annales, 2, 922
Rosina, E. and Suma, M. (2019). The complexity of conservation of outfitting, historic sites and buildings under
everyday uses, Convegno Scienza e Beni Culturali, Bressanone.
Rosina, E., Zanelli, A., Beccarelli, P., Gargano, M. and Romoli, E. (2011). New procedures and Materials for
Improving Protection of Archaeological área. Materials Evaluations, 69(8), 979-989.
Salvi, D., Sarigu, M., Pusceddu, V. and Zamora Lopez, J.A. (2016). Sepolture tardo puniche dal lotto 7 di
Tuvixeddu: due storie di bambini mai nati e alcune osservazioni epigrafiche.
Salvi, D. (2005). Cagliari, Tuvixeddu – Quartucciu, Pill’e Matta. Notizie da due necropoli puniche, A.M. Arruda
(ed.). Fenicios e punicos, por terra e mar, Actas do VI Congresso Internacional de Estudos Fenicios e
Púnicos, Lisboa, 1100-1117.
Sanchez-Moral, S., Luque, S., Cuezva, V.S., Benavente, D., Laiz, L., Gonzalez, J.M. and Saiz-Jimenez, C.
(2005). Deterioration of building materials in Roman catacombs: The influence of visitors, Science of the
Total Environment, 349, 260-276.

1583

Elisabetta Rosina and Alessandra Pili

Standard for the procedures of gravimetric test UNI 11085/03 “Beni Culturali”, Materiali lapidei naturali e
artificiali. Determinazione del contenuto d'acqua: metodo ponderale.
Standard for the procedures of psicrometry and probes to monitor the microclimate UNI 10829 del 1999 Beni di
interesse storico e artistico, Condizioni ambientali di conservazione, Misurazione ed analisi.
Stiglitz, A. (2014). Urbanistica di una necropoli: il caso di Tuvixeddu-Tuvumannu a Cagliari (Sardegna),
ArcheoArte. Rivista elettronica di Archeologia e Arte, 3, 127-146.
Thompson, J. (2007). Conservation and management challenges in a public/private partnership for a large
archaeological site (Herculaneum, Italy). Conservation and Management of Archaeological Sites, 8, 191-204.

1584

Valeria Rizzo,
Residual
Strength
Francesco
and Durability
Micelli, Marianovella
of Glass FiberLeone,
FRCMAntonio
and CRM
Bonati
Systems
andAged
MariainAntonietta
Alkaline
Environments
Aiello
XV International Conference on Durability of Building Materials and Components
DBMC 2020, Barcelona
C. Serrat, J.R. Casas and V. Gibert (Eds)

Residual Strength and Durability of Glass fiber FRCM and CRM Systems
Aged in Alkaline Environments
Valeria Rizzo1, Francesco Micelli2, Marianovella Leone3, Antonio Bonati4 and
Maria Antonietta Aiello5
Department of Engineering for Innovation, University of Salento, Lecce, Italy,
valeria.rizzo@unisalento.it
2
Department of Engineering for Innovation, University of Salento, Lecce, Italy,
francesco.micelli@unisalento.it
3
Department of Engineering for Innovation, University of Salento, Lecce, Italy,
marianovella.leone@unisalento.it
National Research Council (CNR), Institute for Construction Technologies (ITC), Viale Lombardia
49, San Giuliano Milanese, 20098, Italy, bonati@itc.cnr.it
5
Department of Engineering for Innovation, University of Salento, Lecce, Italy,
antonietta.aiello@unisalento.it
1

4

Abstract. Fabric Reinforced Cementitious Matrix (FRCM) and Composite Reinforced Mortar (CRM)
systems are used as Externally Bonded Reinforcements (EBR) in civil and historical construction. These
materials are made by fibrous reinforcement, in forms of dry (FRCM) or cured (CRM) meshes embedded
in a cementitious/hydraulic lime matrix. At present, this technology is considered very promising in the
field of structural strengthening, retrofitting and repair existing structures. This is true especially in
those cases of masonry and historical buildings, due to the specific criteria of conservation and
compatibility with the substrate that need to be fulfilled. These materials, in fact, results more
compatible with masonry substrate because of the inorganic matrix, instead of polymeric resin used for
the well-known FRP systems (Fiber Reinforced Polymers). The recent use of these new materials in civil
engineering needs appropriate and complete guidelines, that regard not only the design aspects but also
the durability features. This paper presents the results of a large experimental program focused on the
durability of FRCM and CRM systems and their single components, in different alkaline environments.
For the whole experimental campaign, the samples have been immersed into three different alkaline
solutions, for four exposure times (500, 1000, 2000 and 3000 hrs). In addition, in order to study the
different accelerating effects due to temperature, three different temperatures were maintained during
the ageing periods: 23°C, 40°C and 70°C. The results about the mechanical characterization of residual
properties are discussed in order to highlight the influence of alkaline environments on the mechanical
properties of single elements and the whole strengthening systems that were tested herein.
Keywords: Durability, FRCM, CRM, Alkaline Environments, Accelerated Aging.

1 Introduction
Masonry buildings are a significant part of the architectural heritage in Europe and all over the
world. A large number of these buildings, in consequence of earthquakes or other degradation
processes, require repair and reinforcement because of their high seismic vulnerability and
brittleness. In the last 20 years, innovative systems called EBR (Externally Bonded
Reinforcement) became a common strengthening solution to replace the ordinary techniques
and traditional materials in retrofitting of existing buildings. EBRs are typically composite
materials, constituted by fibers of various nature (carbon, steel, basalt, glass, aramid or natural
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fiber) embedded in a matrix. The most common systems are known as FRP (Fiber Reinforced
Polymers), in which the matrix is constituted by a polymeric thermoset resin. During the last
years, a new generation of fibrous materials was conceived and designed, by replacing the
polymeric resin with inorganic matrix. These materials are called FRCM (Fabric Reinforced
Cementitious Matrix) or CRM (Composite Reinforced Mortar). The difference between them
is that in FRCM a soft dry net of fibers constitutes the internal reinforcement, while in CRM a
rigid FRP grid is used as internal reinforcement embedded in a cementitious or lime mortar.
This last technique can be considered a replacement of the traditional reinforced plaster, in
which steel grid is replaced by FRP mesh. The mortar-based strengthening materials represent
a valid alternative to the well-known FRP in those cases of reinforcement of existing masonry
buildings. In fact, FRCMs and CRMs ensure compliance with the requirement for the
conservation of architectural heritage (ICOMOS/ISCARSAH 2005). The application of FRCM
and CRM provides a better compatibility with masonry substrates because of the high vapor
permeability of mortar, but not only. In fact, these materials are sustainable and reversible, can
be easy applied also on irregular substrates, on wet support and have better performance at
elevated temperature. Due to the low costs, to the absence of galvanic corrosion (as same as
traditional composites) and to the installation requirements that recall the traditional mortars,
the interest of many researcher was addressed to these materials. However, many issues still
require further investigation in order to guarantee the effectiveness of this technique. In fact,
for both types of inorganic EBR systems, the investigation on short- and long-term behavior is
essential. The durability of polymer composite materials was investigated in depth. Instead, the
long-term behavior of FRCM and CRM systems represents a new research frontier, because of
the lack of experimental data and poor knowledge of the possible chemical or physical
degradation mechanism that may be activated in harsh environments. Only few works exist in
technical literature about this important issue. Most of them are focused on Carbon (Arboleda
2014; Nobili and Signorini 2017; Donnini et al. 2017) and AR-Glass (Nobili 2016; Colombo
et al. 2011) FRCM, in some cases following the procedures defined by Acceptance Criteria
(AC434 2011), and others include the study of the durability of the constituent materials, fibers
(Nobili 2016; Micelli and Aiello 2017) and mortar (Nobili 2016). In order to better understand
all the possible effects due to aggressive environments in which these external reinforcement
systems may work during the service lifetime, a large experimental program is presented in this
paper. The research was focused on the durability of FRCM and CRM systems and their single
components, namely dry glass fibers, pre-cured glass fiber grids and mortar matrix, in alkaline
environments. In fact, it is important to investigate in depth, not only the behavior of the entire
system, but also the effects on the chemical, physical and mechanical properties of constituents.
The obtained results, in terms of residual mechanical properties and physical damages, are
discussed in the paper in order to highlight the influence of alkaline environments on the
mechanical properties of the tested specimens.

2 Materials and Method
The experimental program for the determination of FRCM/CRM’s mechanical properties after
alkaline attack consisted of two different groups. The first, called System 1 is a FRCM
reinforcement while the second one, labelled System 2, is a CRM material. For both groups,
not only the systems have been considered, but also their constituent elements (matrix and
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reinforcement). For System 1, in fact, FRCM, dry grid of AR (alkali-resisted) glass fiber and
mortar samples have been tested. The System 2 consists only of dry yarns and the corresponding
pre-cured mesh of E-CR (electric grade) glass fibers reinforced polymer (GFRP), utilized to
make CRM.For both groups, the alkaline treatments had been performed by immersing the
samples in three different alkaline solutions, varying the chemical ions and the pH values. The
first solution, called A, wanted to simulate the lime mortar matrix, with a pH equal to 12.6
(Micelli and Aiello 2017). The solution B, corresponding to Portland matrix, is a saturated
solution of 0.16% Ca(OH)2 + 1% Na(OH) + 1.4% K(OH) in weight, achieving a pH=12.8
(Litherland et al. 1998; Micelli and Aiello 2017). The last one, solution C, follows the standard
protocol (ASTM D7705/D7705M - 12 2015), with the highest pH equivalent to 13.8. Four
periods of treatment are considered, i.e. 500, 1000, 2000 and 3000 hours. In addition, with the
aim to accelerate the ageing, the solutions were maintained at three incremental temperatures,
23°C, 40°C and 70°C.The samples have been labeled using the following alphanumeric code:
first part means the type of specimens (for System 1 DG=Dry Grid, M=mortar, FRCM=Fabric
Reinforced Cementitious Mortar; for System 2 GG=GFRP Grid, DY=Dry Yarn); second part
states for treatment temperature (U=Untreated sample, 23, 40, 70°C); third letter distinguishes
the alkaline environments (A=lime solution, B=Portland solution, C=standard alkaline
solution); fifth part sets out the ageing time (500, 1000, 2000, 3000 hrs.). The whole
experimental program consisted of 824 samples, of which: 23 untreated specimens, i.e. 5
samples for DG_U, FRCM_U, DY_U, GG_U and 3 samples for M_U); 801 aged specimens,
i.e. 5 samples for each type of materials excluded mortar M (3 samples), for each alkaline
environment, for each temperature and for each time. The mechanical properties of untreated
samples, that constituted the reference ones, have been preliminary determined.
Single yarns of DG_U materials, i.e. the internal fibrous reinforcement of FRCM samples,
have been cut from the dry grid, obtaining samples 350 mm long, and tested by performing
direct tensile tests. The mechanical properties acquired are the follows: tensile strength, σf,DG,
1373 MPa (CoV=9%); maximum strain, εf,DG, 1.6 % (CoV=4%); elastic modulus, Ef,DG, 91 GPa
(CoV=7%). The matrix of System 1 is a typical pre-mixed mortar based on lime and cement.
Prismatic samples, that have the standard dimensions for three-points flexural tests, according
to (CEN 1999 1999), i.e. 40x40x160 mm, have been tested for three-point bending test and the
flexural strength has been determined. The compression test was carried out on the two parts of
each mortar prisms derived from the flexural tests. A maximum compressive stress, fc,M, of 20.6
MPa (CoV=7%) and a maximum flexural stress, ff,M, of 4.0 MPa (CoV=12%) were
experimentally measured for the mortar. The reinforced system was made by one sheet of DG
embedded in 10 mm of mortar. Two thin layers of water-based adhesion promoter were applied
before and after the introduction of the glass fabric, as recommended by the manufacturer. The
dimensions of FRCM were 440x50x10 mm. They have been tested following the Italian
guidelines (Consiglio Superiore dei Lavori Pubblici 2018) and the mechanical properties
obtained are: ultimate stress, σu,FRCM = 1632 MPa (CoV=16%) and corresponding maximum
strain εu,FRCM = 1.3 % (CoV=29%). For the second group of specimens, a pre-cured mesh of
glass fibers reinforced polymer (i.e. GFRP grid) and the dry glass yarns have been tested,
carrying out tensile test in both cases. The mechanical properties of GG samples result the
follows: elastic modulus, Ef,GG, 48 GPa (CoV=6%); tensile strength, σf,GG, 1485 MPa
(CoV=5%); the corresponding strain, εf,GG, is 3,0 % (CoV=8%). The dry yarns DY, that are
used to manufacture the GFRP grid (GG), have been characterized, according to the Italian
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technical standard. The ultimate tensile force, obtained from tensile test, was equal to 617.2 N
(CoV=10%) and the elongation at break resulted 19.1 mm (CoV=19%). To immerse samples
in the three different alkaline solutions, ad-hoc supports have been designed and fabricated, in
order to promote a uniform distribution of the ageing solutions. All samples have been located
into different stainless steel containers with transparent and plastic lid, for each alkaline solution
and for each temperature.

3 Experimental Results and Discussions
After each curing period, DG, FRCM, DY and GG samples have been tested by performing
direct tensile tests, while for mortar specimens (M) both three-points flexural test and
compressive test have been carried out. In this way their principal mechanical properties have
been determined and compared with those of control specimens. In the following section, a
synthesis of the numerous outcomes has been reported.
3.1 DG Samples
The stress vs strain behavior of glass fibers yarns was pseudo-linear. At high loads, prior to
failure, in some cases, sudden discontinuities were found in the curves. This was due to the
progressive rupture of single filaments. In fact, the failure mode (Figure 1a) was characterized
by a gradual tensile rupture of single filaments of the yarns, regardless of the alkalinity of the
solution or the immersion time. With the increment of the temperature, the alkalinity of the
solution C has caused the higher reduction of the mechanical properties of DG samples, while
for the solution B the alkaline products have been less damaging. At the higher treatment
temperature, i.e. 70°C, the tensile behavior is still linear (Figure 1b), but the influence of the
different alkalinity of the three solutions, with the increase of curing time, results more evident
regard to the treatments at 23°C and 40°C.
1200

σ [MPa]

1000
800
600
DG_70_A_3000
DG_70_B_3000
DG_70_C_3000

400
200

(a)

0
0.000

ε [-]
0.005

0.010

(b)

0.015

Figure 1. Typical failure mode of DG samples (a) and an example of stress-strain curves, for specimens aged at
70°C after 3000 hours (b).
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3.2 M Samples
For mortar samples, the solution B turned out to be the most aggressive alkaline environment.
The detrimental effects of its alkaline ions (Ca2+, Na+ and K+) are improved by the high
temperature, causing the loss of compressive strength equal to 88%, after 125 days of treatments
(Figure 2b). For shorter period of immersion, the reduction of the mechanical properties was
obviously less (Figure 2a). In this case, after an immediate decrease of both flexural and
compressive strength of mortar, no matter the alkalinity level, the immersion in aqueous
solutions allows the delayed hydration of inorganic matrix and its self-healing. This results into
a slight ascent of mechanical properties.
M at 70°C
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A
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C

(b)

Figure 2. Comparison of compressive strength of (c) M_23 and (d) M_70.

3.3 FRCM Samples
The three alkaline solutions at room temperature (23°C) seem to be not very aggressive against
the tensile properties of FRCM coupons, even after 3000 hours of immersion. This is underlined
by the histograms in Figure 3a, in which the values of strength of FRCM_23 samples have been
plotted together with the reference one. By comparing the three solutions, the second one, that
reproduces the Portland cement, has caused the greater damaging effects on the treated
specimens, but, even in this case, they are very limited. The behavior of samples resulted more
deformable but also more brittle. The formation of the first crack in the matrix often corresponds
to the ultimate condition of samples cured for longer time. In fact, very few cracks predict the
tensile failure of glass yarns.
3.4 DY Samples
The decay of mechanical features of DY specimens, contrary to what obtained from mechanical
tests on dry glass fabric (DG), was activated to room temperature as early as 500 hours. This
could be related to the different nature of glass fibers. Indeed, DG are constituted of alkaliresistant (AR) glass fibers, that are made by a specific formulated glass composition with
addition of Zirconia (ZrO2), and they are suitable for use in inorganic matrix. On the other hand,
DY consist of the ordinary electrical grade glass fibers (E-glass). This kind of fibers are a low
alkali glass, without any inclusion of Zirconia and then they are prone to chemical degradation
in presence of alkaline species. The evident degradation of DY samples is due to a combination
of mechanisms which may occur within the microstructure of the composite materials, i.e. an
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effect of the ions (OH)-, which produces corrosion of the fibers, and a second effect due to the
precipitation of hydration products, which may reduce the flexibility of the fibers (Bentur 2000;
Majumdar, West, and Larner 1977). All of this has been evident carrying out SEM (Scanning
Electronic Microscope) analysis on damaged glass filaments. Figure 4a-b, which relate to
specimens treated with CVD (Chemical Vapor Deposition) of gold particles (O’Brien 2001),
show the typical morphology of the etching on the glass surface, as also seen by (Guo et al.
2018) in glass and basalt, and by (Aghamohammadi et al. 2018) in basalt fibers. In the present
case, the attack appeared more extensive due to the extreme ageing conditions adopted by
enhancing the temperature up to 70°C.
FRCM at 23°C

Maximum stress [MPa]

U

A

B

C

2000
1500
1000
500
0

U

500

1000
Aging time [h]

2000

3000

(a)

Figure 3. Tensile strength, varying the curing time of (a) FRCM_23; comparisons of stress-strain curves of
FRCM at (b)40°C and (c) 70°C.

(a)

(b)

Figure 4. Images of DY_70_A_3000 specimen with (e) 1001x, (f) 1999x of magnification.

3.5 GG Samples
As underlined by the histograms in Figure 5a, the most aggressive treatment is constituted by
the solution B: σ decreases drastically already after 500 hours of immersion at 23°C (decline of
20%). As expected, higher temperature accelerates the detrimental effect of ions dissolved into
the solution and the gap between the mechanical feature of reference samples and
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GG_40_B_3000 is more that 80% (Figure 5b). The different between the maximum tensile
stress of untreated samples (blue column) is more than 95% for samples treated at 70°C. For
the two other solutions, A and C, the reduction does not exceed the range of variability of the
standard deviation, for treatments at standard temperature, while increase at the highest
temperature (-77% and -73% for the solution A and C respectively), however less than in case
for solution B.
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Figure 5. Maximum tensile stress, varying the solutions of GG_23, GG_40

4 Conclusions
In the present paper, a large experimental program on long-term behavior of composite systems
has been briefly reported. Two groups of samples, called System 1 and System 2, have been
treated into three different alkaline conditions and four exposure times (500, 1000, 2000 and
3000 hrs.). The ageing was accelerated by increasing the temperature, from 23°C to 40°C and
70°C. The outcomes of the mechanical characterization of residual properties of two different
systems highlighted what in the follow:
- Aging at 23°C results not very aggressive for samples of System 1, while the effects were
more visible for dry yarns of E-glass fibre and the GFRP specimens (System 2)
- A particular behaviour has been observed in case of mortar samples, especially when they
have been aged at 23°C. The immersion in an aqueous solution leads to self-healing process
and the mechanical properties do not decrease because of the alkaline environments, but
rather increase as effect of the delayed hydration of inorganic matrix.
- The treatments at 70°C, as expected, have provoked an extremely detrimental impact and
until the completely break-up of the E-glass dry yarns.
- For these last samples SEM analysis has been performed, in order to detect the surface
morphologies and fracture surface of E-glass corrupted filaments. In particular, in case of
solution A, at 70°C and after 3000 hours of immersion, the filaments result completely
covered by precipitated calcium carbonate and the massive damage that occurred have
caused an evident reduction of the cross section, almost to zero in some regions. This is due
to etching on the glass surface and to the extreme ageing conditions adopted by enhancing
the temperature up to 70°C.
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Abstract. Waterway structures like locks are exposed to a severe freeze-thaw-attack. A sufficient
resistance of concrete against this exposure has to be assured. In Germany the concrete for the
exposure class XF3 of federal waterway structures has to be tested in the laboratory by the CIF-Test
in addition to descriptive requirements. To establish this procedure experiences on concrete mix
designs which have been applied in the past were considered as well as research concerning the
transferability of laboratory tests to practical experience. One important aspect was a service life
study on the degree of water saturation of the concrete under practical conditions in combination with
the temperature exposure. The paper presents the results of freeze-thaw tests on lab specimens and
cores of concrete elements stored differently and tested at different ages. For a better understanding of
the processes of the freeze-thaw attack during the freeze-thaw tests monitoring data of resistivity has
been analyzed and compared to hardened concrete properties. The water absorption inside the
specimen during capillary suction and the freeze-thaw-cycles could be monitored at different distances
to the surface. Correlations of the water absorption to the initiation and development of internal
damage were observable. A consideration of the results of the freeze-thaw tests and the resistivity
measurements enables a better evaluation of long-term resistivity monitoring data of a lock. It allows
for an assessment of the transferability of results of the CIF-Test to practical experience.
Keywords: Freeze-Thaw Attack, Resistivity, Monitoring, Concrete Core, Lab Specimen.

1 Introduction
In Germany for hydraulic structures like locks or weirs there are special requirements
concerning concrete properties. As they are massive structures a low heat of hydration of the
concrete to reduce restrain is important and on the other hand a high durability for a service
life of hundred years. Freeze-thaw resistance is a very important durability aspect for those
structures as the high water saturation of the lock chamber walls between head and tail water
results in a severe freeze-thaw attack. During the initial test of the concrete intended for parts
of the structures in XF3 exposure a performance test is required for new structures under the
responsibility of the Federal Ministry of Transport and Digital Infrastructure. The CIF-Test
according to (BAW, 2012) has to be passed. The procedure is similar to the RILEM
recomendation (Setzer et al., 2004).
Before the mandatory introduction of this test questions concerning the transferability of
the results of laboratory tests to practical experience were intensively discussed. To address
that question the monitoring of the temperature and moisture exposure of real structures was
supposed to be an adequate way to get reliable information on this question. Different
structures like bridges, tunnels and locks were equipped with sensors for long term
monitoring campaigns. A detailed analysis of the freeze-thaw attack on concrete structures
based on monitoring data of real structures is published in (Spörel, 2013). The main
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differences between XF1 and XF3 exposure have been worked out for an example of a lock.
The monitoring of the lock has been continued for 16 years during the whole service life of
the lock so far and can be evaluated. As the monitoring data gives an impression of the
complete history of the freeze-thaw attack during the previous service life of the structure
(Spörel, 2016) it can be considered in evaluating the surface scaling observed at the structure.
To support the evaluation of the long-term resistivity monitoring of the lock the paper
describes resistivity monitoring results on the freeze-thaw attack during the CIF-Test on lab
specimens and concrete cores which were equipped with the same sensors as the lock.

2 Principles to Monitor the Freeze-Thaw Attack on Concrete
2.1 General
Concerning freeze-thaw attack the temperature and the degree of saturation are decisive
parameters. If a critical degree of saturation is reached a freeze-thaw damage can occur
(Fagerlund, 1977). As a continuous direct measurement of the degree of saturation is not
possible an indirect determination of the degree of saturation by means of resistivity
measurements was chosen. A calibration is required to account for different influencing
parameters on the resistivity (Elkey and Sellevold, 1995; Spörel, 2013).
2.2 Monitoring System
The resistivity measurement was conducted using a multiring electrode (MRE). The MRE is a
sensor consisting of several rings of stainless steel, each with a thickness of 2.5 mm, with an
insulating plastic ring between two steel rings. It enables AC resistance measurements of the
concrete between two adjacent steel rings in eight steps at a frequency of 10.8 Hz and at a
distance of 7 to 87 mm to the concrete surface (Raupach, 1992). A multitemperature probe
(MTP) is installed near the MRE. The MTP is equipped with eight PT 1000 sensors to enable
temperature measurements at eight different distances to the concrete surface. A typical
arrangement of a measuring point is shown in Figure 1.

Figure 1. MRE and MTP (left), Sensor installation in a structure (right) (Spörel, 2019).

2.3 Focus of Data Evaluation
One aspect to evaluate the intensity of a freeze-thaw attack is the number of freeze-thaw
cycles. As the freezing temperature of water in the pore structure of concrete depends on the
pore size (Brun et al., 1977; Setzer, 2000) a simple evaluation of temperature data might be
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misleading concerning the intensity of a freeze-thaw attack. The freezing of water in the pore
structure is decisive to activate the micro-ice-lens pump according to (Setzer, 2002).
Resistivity measurements indicated that a minimum degree of saturation is required for the
freezing of water in the pores (Spörel, 2013). In a hygroscopic saturation state only finer pores
are filled with water and no freezing of water was observed at certain temperatures below 0
°C. The approach of (Brun et al., 1977; Setzer, 2000) could be detected by resistivity
measurements (Spörel, 2013; Spörel, 2016).
The effect of temperature on the resistivity has to be compensated to monitor concrete
saturation. The investigations have shown that the Arrhenius approach (equation 1) is
working well at concrete temperatures higher than 0 °C if the activation energy is determined
and considered adequately (Spörel 2013, Spörel 2016). The constant b correlates to the degree
of saturation of the concrete and has to be adapted at changing degrees of saturation.

ρel
ρel,0

ρel = ρel,0



b⋅ 1 1 
T T 
0
⋅e 

(1)

Resistivity at temperature T in Ωm
Resistivity at temperature T0 in Ωm
T, T0 Absolute temperature in K
b
Constant in K

At temperatures below 0 °C the Arrhenius approach is not effective if the degree of
saturation of concrete is high. There is an abrupt increase of the temperature compensated
resistivity if temperature decreases below 0 °C. This takes place in a much shorter time than
observed when wet concrete is drying. These observations were attributed to freezing of water
in the pore structure (Spörel, 2013; Spörel, 2016) and are very helpful as it enables to monitor
freeze-thaw attack in laboratory tests as well as for the data interpretation of the long-term
monitoring of the lock. The potential of resistivity measurements to detect freezing of water
was also observed for cement pastes (Sato and Beaudoin, 2011; Wang et al., 2016).
To evaluate the intensity of a freeze-thaw attack an analysis of meteorological data is not
sufficient. There are relevant differences between freeze-thaw-cycles analyzed on
meteorological data and on the temperature measured in the concrete cover zone. The
difference even rises if freezing effects detected by resistivity measurements in the concrete
are compared to meteorological data (Spörel, 2013).
Using this approach resistivity measurements by means of MREs were used for monitoring
the freeze-thaw attack in lab specimen, small concrete elements and concrete cores. This
enables to evaluate the transferability of results of freeze-thaw lab test to practical application.

3 Investigation Concept
The transferability of results of freeze-thaw tests to practical experience has always been
discussed concerning adequate testing ages and storage conditions of the lab specimens. The
pore structure of the concrete is influenced by that and important as transport mechanisms
play an important role. In (BAW, 2012) the storing conditions for the CIF- and CDF-test are
described for different testing ages. As usually concrete with a slow strength development is
used for hydraulic structures the standard testing age is 56 d after storage in water for 14 d.
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To address this question investigations were realized on a concrete with the same
composition and the same source of raw materials as used in the lock described in (Spörel,
2013; Spörel 2016). A concrete with 270 kg/m³ CEM III/A 32.5 N LH, 80 kg/m³ fly ash, a
water content of 143 kg/m³ and an aggregate content of 1876 kg/m³ was investigated.
A set of five lab specimen for the CIF-Test at different ages were cast as well as two
concrete elements. The concrete elements and two additional lab specimens for each test
series were equipped with MREs and MTPs to monitor the resistivity during the CIF-Test and
the storage of the elements under natural exposure up to a distance to the surface of 42 mm.
The testing ages were set at 28 d, 56 d and 365 d for the lab specimens. At the testing age of
365 d two different storing conditions were applied (demoulding after 14 d; 351 d 20°C, 85 %
rel. humidity; demoulding after 2 d, water storage at 20 °C for 321 d, 20°C/65% rel. humidity
for 42 d). Additionally concrete cores were taken from the concrete element stored in the
field. The cores were tested at an age of 56 d, 365 d and 6.5 a. As example results of the 6.5
years old cores are presented. The design of the element and the position of the cores and
sensors are shown in Figure 2.

Figure 2. Dimensions of the concrete element and positions of the sensors and cores.

4 Concrete Properties
Additionally the strength development of the concrete was determined and summarized in
Table 1 for cylindrical specimens with a height to diameter ratio of 2.0 for the lab and core
specimens. The strength of the core specimens is lower than of the lab specimens. This
confirms findings in the literature (The Concrete Society 2004; DIN EN 13791/A20 (2017).
The carbonation depth was determined on slabs 100x100x500 mm which were stored
under the same conditions as the specimens for the CIF-Test and the concrete element. For
slag cement concrete the carbonation depth might influence the scaling of concrete during the
CIF-Test. Results are summarized in Table 1.
Table 1. Test Results for compressive strength and Carbonation.

Concrete age
56
365
6.5 a

fcm [N/mm²]
Lab specimen core
37.3
31.8
47.4
37.2
33.3

dc [mm]
20/65 20/85 water
1.0
0.0
1.8
5.4
4.3
1.0
13.0
8.0

outdoor
2.7
5.1
8.0

Results of the CIF-tests for selected storage and testing age versions according to section 3
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are presented in figures 3 and 4. Besides the standard testing age of 56 d two test series at an
age of 365d and results of cores at a high age of 6.5 years representing a situation at a
structure at a higher age are compared as examples. The test results are evaluated concerning
scaling and internal damage measured by the relative dynamic Young´s modulus. The testing
of cores of a structure in a freeze-thaw test includes effects of concrete casting, curing and
exposure as well as influences of the coring process on the freeze-thaw resistance. This has to
be kept in mind when comparing the results to those of standard lab specimens at a defined
testing age and storing conditions.

Figure 3. Relative dynamic modulus of elasticity.

Concerning internal damage the significantly lowest freeze-thaw resistance was observed
for the concrete stored in climate 20/85 for one year. After 10 freeze-thaw cycles the results
fall below the criteria of 75 %. The highest resistance was determined for the water stored
specimens. The results of the standard conditions were congruent with the cores at high age.

Figure 4. Scaling during the CIF-Test.

Looking at the lab specimens scaling was affected only slightly by the investigated storing
conditions. The lab specimens tested at standard age and curing conditions showed
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comparable results to the water stored specimens tested at an age of 365 d. The storage in
climate 20°C/85% rel. humidity resulted in the highest scaling for the lab specimens but still
passed the criteria of 1000 g/mm² according to (BAW 2012). Considerably higher scaling was
observed for the cores tested at an age of 6.5 years correlating to the carbonation depth.
Both for the scaling and the internal damage development the testing age is not the
decisive parameter concerning the freeze-thaw resistance of the concrete. The effect of the
curing regime on the internal damaged was very dominant for the lab specimens. The stronger
impact of the storing conditions than the testing age was observed for the scaling as well. The
scaling results of the cores yet showed a strong deviation of the lab specimens. Influences of
the carbonation depth at the start of the CIF-Test might have an impact on the test results. A
low carbonation for the standard and water storage, and higher values for the storage at 20 °C
and 85 % rel. humidity and for the cores were measured (Table 1, Bold type values).

5 Resistivity Measurements
For a better understanding of the processes during the CIF-Test the monitoring data was
evaluated. An important parameter is the water absorption during the capillary suction phase
and during the freeze-thaw cycles. As an example in Figure 5 results of the resistivity
measurements in a distance of 32 mm to the surface and the weighing of the samples for the
period of capillary suction before the start of the freeze-thaw-cycles are shown. The weighing
data illustrate the great influence of the storage conditions of the specimens. By oven drying
at 105 °C the degree of saturation of the differently stored specimens was determined before
and after capillary suction (Table 2). The degree of saturation of the water stored specimens is
already high before the capillary suction starts whereas the specimens stored for one year in
climate 20° C/85% rel. humidity has a very much higher absorption potential.
Table 2. Degree of saturation at the beginning of capillary suction.

56 d,
20/65
Degree of saturation before
51
capillary suction [%]
Degree of saturation after
63
capillary suction [%]

Storing conditions
365 d, 385 d,
6.5 a,
20/85
water outdoor
57
82
67
79

90

78

The resistivity data illustrate that in a measuring depth of 32 mm from the surface only for
the concrete stored for one year in climate 20 °C/85 % rel. humidity a decrease in resistivity is
observed during the capillary suction period. The decrease of resistivity is caused by a rising
degree of water saturation in that measuring depth of 32 mm. The resistivity of the other
specimens was not affected by water absorption in that measuring depth. According to Table
2 the highest rise of the degree of saturation during the capillary suction phase was observed
for the specimen stored in 20 °C/85 % rel. humidity. This indicates that it might be plausible
that only this specimen showed a change in resistivity at that measuring depth. Closer to the
surface also for the other specimens a decrease of resistivity was observed.
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Figure 5. Water absorption during capillary suction.

Figure 6 shows the resistivity in a measuring depth of 42 mm during the freeze-thawcycles which was compensated for temperature effects according to equation (1) and the
development of the relative dynamic modulus of elasticity. As described in (Spörel, 2013;
Spörel, 2016) a typical increase and decrease of the resistivity is observed during the freezethaw cycles caused by freezing and melting of water in the pore structure. High resistivity is
measured at concrete temperatures down to –20 °C when water in the pore structures is frozen
and low values are measured at temperatures between 0 and 20 °C when the water is present
in a liquid state. The Arrhenius approach is unable to compensate the effects of the freezing of
water on the resistivity.

Figure 6. Temperature compensated resistivity and dynamic modulus of elasticity during the CIF-Test.

The low resistivity values decrease over time which is marked by arrows. This indicates
the rise of the degree of saturation in that measuring depth. Analogue with that the dynamic
modulus of elasticity starts to decrease. For the water stored concrete at an age of 365 d the
decrease of resistivity starts at about 20 freeze-thaw cycles in that measuring depth. About at
that time the relative modulus of elasticity also starts to decrease more rapidly as before. For
the other samples similar correlations are observed. As proposed by (Fagerlund, 1977) the
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results seem to confirm that after reaching a critical degree of saturation the concrete is
damaged. The water absorption according to the micro-ice-lens theory (Setzer, 2002) also
seems to be confirmed. At certain distances to the surface no water transport was detectable
during the capillary suction whereas during the freeze-thaw cycles a water transport occurred.

6 Conclusions
By means of monitoring the resistivity of concrete at different distances to the surface the
micro-ice-lens theory (Setzer, 2002) and the theory of the critical degree of saturation
(Fagerlund, 1977) seem to be comprehensible. The effect resulting from the freezing of water
in the pore structure of concrete on the resistivity will be a helpful tool to further analyze the
monitoring data of the lock concerning the frequency of such freezing incidents under
practical conditions. The results of the resistivity monitoring in lab tests and the long-term
monitoring of a lock in combination with a consideration of the surface damages at the lock
enable to better evaluate the transferability of results of the CIF-Test to practical conditions.
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Abstract. All too often, the original windows are unnecessarily removed and replaced from historic
buildings. In some instances, replacement is justified due to the extent of deterioration resulting from
years of deferred or inappropriate maintenance. However, often historic windows are unnecessarily
replaced as a result of incorrect assumptions or misinterpretation of their condition. Alternatively, a
designer may believe that a new window will perform better, require less maintenance, increase energy
efficiency, or just last longer than the existing original windows. This may not be the case. This paper
will address issues related to the evaluation and restoration of historic wood and metal windows. An
overview of the methodology used by the authors to evaluate the condition of windows and determine
repairs that are necessary to maintain structural integrity, repairs that are necessary to address air and
water infiltration, and repairs relative to aesthetics and function, will be presented.
Keywords: Wood Windows, Steel Windows, Evaluation, Restoration.

1 Introduction
Windows are a character defining architectural feature of almost all buildings. At a functional
level, windows provide natural light and fresh air, and sometimes a means of egress, to interior
spaces. Over the years, many building owners have opted to replace rather than restore original
historic windows. Replacement window manufacturers tout these products as a means of
providing increased thermal performance and ‘no maintenance.’ However, in reality,
replacement windows may have unrealistic payback periods, and many new windows are
actually ‘not maintainable.’ Alternate materials such as aluminum, and more recently vinyl and
fiberglass, have been used to replace historic original windows. In many instances, when
considering life cycle costs as well as maintaining historic fabric, repairing and restoring
historic windows is not only environmentally and preservation sensitive, but also economical.
Thermal upgrades are also possible by installing storm windows at a macro scale, or replacing
or installing weather-stripping at a micro level.

2 Evaluation Methodology
Determining the general condition of any historic window is critical to developing a restoration
program. The condition of windows can vary significantly based on orientation and location
within the facade. Often, coatings and/or previous interventions may be misleading relative to
the actual condition of the window components. Determining the extent and location of
hazardous materials is also critical to accurately developing an appropriate scope of work.
Based on the findings, special provisions for remediation may be required. In some instances,
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hazardous materials may have been installed during original fabrication or installation and may
be concealed by the various components of the windows.
The general methodology used by the authors when evaluating historic windows includes
document review, comprehensive or representative close-up interior and exterior surveys,
investigative openings, and partial or complete window disassembly. Based on the available
funds and access, all of these tasks may not be possible or practical. Much like any aspect of
building restoration, building owners should understand that gathering more information during
the initial evaluation can reduce the potential for unanticipated added costs once work begins.
2.1 Document Review
When existing building drawings or specifications exist, review of these documents can provide
insight into the construction of the windows, as well as the method of anchorage to surrounding
construction. Particularly in the case of wood windows, the windows were often constructed
onsite to accommodate variation in the as-built openings, and original drawings may be limited
or nonexistent. In the case of metal windows, the original manufacturer can sometimes be
determined by comparing window profiles with resources such as Sweet’s Catalogue. Review
of documents detailing past maintenance or repairs can also help identify existing conditions.
2.2 Visual Survey: Exterior
Close-up observation of the exterior portions of the windows is critical to determine the extent
of intervention that may be required. While a comprehensive review of all windows is ideal,
selected review must often suffice due to access considerations. If possible, windows from all
facades and different floors should be reviewed. If there are different types of windows, a
sample of each should be included. Observations should include the condition of the coatings,
perimeter seals, and glazing putty and stops, but perhaps more critical is the evaluation of the
substrate material. Peeling paint and missing putty can often be misleading when the substrate
materials are actually in relatively good condition. Typically, the lower portions of the jambs
and side rails of the sash, and the sill and bottom rail of the sash exhibit the most deterioration.
Probing these areas with an awl can be an effective means to assess the condition of the substrate
for both wood and metal windows. In the case of wood windows, the awl will readily penetrate
rotted areas. Areas of corrosion or section loss in metal windows may be visually apparent,
previously installed fillers can often be detected by tapping areas with the awl.
If the water resistance of the windows is in question, performing water testing using various
techniques can provide an indication of the source(s) of the leakage. It is important to
understand, however, that historic windows cannot meet standardized testing criteria for new
windows, and that failure to meet current standards for water resistance is not a basis or
justification, in and of itself, to replace the windows.
2.3 Visual Survey: Interior
A close-up examination from the interior is also critical to evaluate the existing window
conditions. Depending on the building occupancy, it may be easier to perform a comprehensive
survey from the interior, but if that is not possible, rationale similar to that described above
should be applied when selecting specific locations for review.
Review of the windows from the interior can provide an indication of the water resistance of

1602

Edward A. Gerns and Sarah K. Van Domelen

the existing assemblies. Damage such as peeling paint, blistering plaster, and discoloration of
finishes may be an indication of water infiltration. Review of the specific location of the damage
can provide an indication of the source of water. While the window itself may be the source of
the infiltration, other factors may be contributing including lack of flashings, failed perimeter
sealant, condensation, or thermal bridging. Inventorying the existing hardware and operation of
the sash should be included if the intent is to restore functionality of the windows. Often the
windows have been painted or sealed closed, so evaluation of functionality can be challenging.
2.4 Investigative Openings and Disassembly
Investigative openings can be helpful in determining window anchorage details, as well as the
configuration of the window-to-wall interface at the perimeter of the assembly. Concealed
conditions and deterioration may also be revealed. Removing selected windows, in part or as a
whole, can also provide valuable information with respect to the assembly and components.
The geometry of weather-stripping and component profiles can be difficult to determine without
removing operable portions and the frames.

3 Restoration Approaches
Once the investigation has been completed, gaining an understanding of the Owner’s
expectations is necessary to develop an appropriate restoration approach. While comprehensive
restoration is ideal to achieve a consistent end result, it is often not necessary or justified. The
approach will determine the maintenance cycle for the windows. Less invasive approaches will
have a lower initial cost, but a shorter service life. Likewise, more invasive approaches will
have higher initial costs, but a longer service life prior to required maintenance. Regardless of
the approach, the cost of access and general conditions will generally be consistent. A
combination of approaches could also be appropriate based on available funds, window location
or exposure, or other factors. A brief description of various restoration approaches follows.
3.1 Scraping and Painting
If the substrate is generally in good condition, removing areas of loose coating, sanding, and
applying a new coating system can protect the historic fabric of the windows. Replacing
deteriorated glazing putty is often performed concurrently. This approach is obviously the least
invasive and lowest cost when considering the entire window assembly.
3.2 Stripping and Painting
Based on the condition of the substrate material, or to determine the condition of the substrate,
complete removal of the existing coating may be necessary. In the case of wood windows, paint
strippers are most effective. If the existing coatings contain lead, certain strippers can both
remove and capture the coatings for disposal. For steel windows, paint strippers can also be
used, but abrasive blasting can frequently be more effective and economical. If performed
properly, blasting can effectively remove existing coatings at inside corners and crevasses. For
wood windows, hand tools are often necessary to remove remnants from these areas. It is
important that all chemicals and other residue be completely removed from the surface of the
window prior to performing repairs or applying a new coating system.
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3.3 Localized Repairs, Dutchman Repairs, and Component Replacement
Depending on the size and extent of substrate deterioration, repairs can vary from patching of
localized areas of rotted wood or corrosion, to replacement of complete members. Localized
rot in wood windows and corrosion of metal windows can be removed and the area filled with
a compatible repair material such as an epoxy filler. In both instances, particularly wood, it is
important avoid applying the filler as a means of building up the surface of non-deteriorated
areas. This can lead to accelerated deterioration of the wood, since the filler can trap moisture.
This is less of an issue with metal windows, but achieving a uniform surface is not necessary
unless the area has the potential to hold water (e.g. the upward facing surface of a sill).
More extensive deterioration may require replacing portions of a member (dutchman repair)
or a complete member. The most common application of dutchman repairs is for the lower
portions of jambs, while complete replacement is often necessary for sills. Ideally, rot resistant
old growth woods such as mahogany are desirable for dutchmen in wood windows. Deteriorated
portions of the members are cut away and the new piece is anchored to sound substrate.
Treatment of the joint between the dutchman and the original material should be considered to
limit the potential for water to reach the untreated end grain of both pieces. Fasteners can be
countersunk and concealed with a wood plug.
In the case of steel dutchmen, it is likely that the original profile of the steel assembly is no
longer manufactured, and the new pieces may need to be fabricated by building up smaller
pieces to generally match the profile. A perfect match using this approach is typically not
possible due to the differences in fabrication. Welding is typically the preferred installation
approach for steel dutchmen. Testing the original steel for compatibility and determining a weld
procedure should be part of the process. Once the welding is completed, the area can be ground
smooth to the adjacent material and coated.
3.4 Glazing
Removing the existing glass in a window that is being restored, either temporarily or for
replacement, is preferred to achieve optimal performance. By removing the glass, the glazing
pocket can be prepared and coated prior to reglazing. From a preservation perspective, the glass
should ideally be retained and reused. However, a relatively high rate of breakage is almost
unavoidable in many instances, which can increase the appeal of comprehensive reglazing.
Often, installing replacement insulating glass units (IGUs) is considered as a thermal
improvement. This approach can introduce challenges relative to the width of the glazing pocket
and the weight of the sash. Conventional IGUs are typically 1 inch thick, while historic glass is
typically between 1/8 inch and 1/2 inch thick, depending on the size of the opening. With thicker
replacement glass, the glazing pocket must be made wider by either modifying the sash
component, reducing the profile of the putty and glazing points, or modifying the glazing stops,
all of which have the potential to significantly reduce the wind load resistance of the window.
The frame and hardware should also be evaluated to ensure that they can support any added
weight. Recently, glass manufacturers have introduced thinner IGUs that can fit into existing
glazing pockets, but at a significant cost increase over reusing the existing glass or using
conventional IGUs. Other replacement glazing options, such as laminated glass, can also be
considered, but many of the same considerations discussed above will still apply.
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3.5 Hardware
Based on the condition of the existing hardware, replacement hardware may be necessary.
Matching original hardware may be possible, but is often challenging if the components are no
longer manufactured. Options can include salvage sources or potentially using hardware from
other windows on the building. If limited original hardware is available, sets of original
hardware and replacement hardware can be grouped by window.
3.6 Weather-Stripping
Historic windows typically used metal weather-stripping at all operable interfaces. For wood
windows, the geometry of the weather-stripping is somewhat forgiving, and a similar metal
profile is often available that can fit the assembly. At concealed interfaces, modern weatherstripping materials such as foams and plastics may also be used. Historic weather-stripping for
metal windows was typically fabricated specifically for a particular profile, and is most likely
no longer available. Salvage and reuse of weather-stripping may be possible under certain
circumstances, but given the tolerances of fabrication and operation, once removed, it is likely
not realistic to reinstall. For this reason, weather-stripping options for metal windows generally
include custom fabrication of new weather-stripping to match the original, or creative
application of readily available modern components.

4 Case Study: Wood Windows
Second Presbyterian Church, located in Chicago, Illinois, is a National Historic Landmark that
was constructed in 1874. Bell tower facade repairs, including masonry and window restoration,
were recently performed. Because the interior of the bell tower encompasses predominantly
unoccupied space, and the height of the tower makes exterior access challenging, maintenance
of the existing historic windows had been infrequent over the years (Figure 1).

Figure 1. Typical window conditions before (left) and after restoration (right).
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The exterior evaluation of the windows was performed from an aerial lift, which allowed
access to all of the tower windows. The surfaces were probed with an awl, but no investigative
openings were created. On the interior, access was limited based on the proximity of an interior
stair. Conditions included wood decay at various exterior locations including sills, the base of
jambs, and at decorative tracery. Several of the sash were missing, and the frames had been
boarded up. Portions of the leaded art glass were broken or missing. Since the windows were
likely built on site during construction, no original drawings or specifications existed.
Based on the owner’s inability to ensure that resources could be dedicated to future
maintenance of the windows, a comprehensive restoration approach was selected to maximize
service life. Repairs included complete removal of existing coatings using a chemical stripper,
replacement of deteriorated sills and tracery, dutchman repairs at the lower portions of jambs,
replacement of sash, hardware, and weather-stripping, removal and restoration of the art glass,
interior and exterior painting, and perimeter sealant replacement (Figure 2). The replacement
sash were fabricated to match the profiles of the limited sash that remained. Although the
original sash were likely glazed with leaded glass based on historic photos, the new sash were
glazed with clear laminated glass due to budgetary constraints. The decision was also made to
seal the perimeter of the glass with silicone sealant, rather than traditional glazing putty, to
reduce the overall maintenance cycle. Based on the location of these windows, the substitution
is not visually apparent. Finally, the colors of the new exterior coatings were selected based on
paint analysis performed on other windows at the church and the historic photos.

Figure 2. Sill replacement and jamb dutchmen (upper right) and tracery replacement.

Various challenges were encountered throughout the project. At the outset, it was difficult
to find an experienced window restoration contractor that could perform the necessary onsite
restoration of the existing frames. Once on board, the contractor encountered challenges
obtaining the desired wood species for replacement elements and dutchmen. In the end, the
challenges were overcome, and the end result was a successful wood window restoration.
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5 Case Study: Steel Windows
30th Street Station, located in Philadelphia, Pennsylvania, is the second busiest train station in
the United States. The building is iconic in the Philadelphia community and is listed on the
National Register of Historic Places. Constructed in 1934, one of the defining architectural
features is the fenestration system, which includes rolled steel casement windows set into cast
iron curtain walls that are located between limestone clad piers (Figure 3). As part of a
comprehensive facade restoration project, an evaluation of the windows was performed. Due to
security and access restrictions, the evaluation was limited. The window assessment included a
visual survey of select areas on the interior and exterior. In addition, one of the steel windows
was removed to document the interface geometry and concealed conditions. Materials testing
of the steel and cast iron, and a finish analysis to determine the original color scheme, were
performed. A hazardous materials survey and testing were performed by the owner.

Figure 3. Cast iron curtain wall and steel casement windows (left and center); built up dutchman sections (right).

Our investigation revealed that limited repairs and intervention could extend the service life
of the system, but a more comprehensive restoration could provide a significantly longer service
life and limited maintenance schedule that were more in line with the owner’s goals. Detailing
and profiles were found to be generally consistent throughout the station, but window sizes
varied. The original manufacturer of the windows was determined through archival research,
and product data, including original profiles, was located in historic product literature.
A comprehensive facade restoration program, including the stone masonry facade, steel
frame windows, and cast iron curtain wall, began in 2012. The restoration scope included offsite restoration of the steel sash and frames, including comprehensive glass replacement, and
in-situ restoration of the cast iron curtain wall. Coating removal was accomplished by abrasive
blasting with a garnet media to achieve SSPC-SP10 (near white metal blast with a surface
profile between 1 and 2 mils). Where necessary, dutchmen were created by building up steel
plates and stitch welding them to mimic the original profile. The original steel was tested for
weldability and a weld procedure was provided. A high performance coating system was
applied to the blasted surface, consisting of a zinc-rich primer, epoxy intermediate coat, and
fluoropolymer top coat. Finally, a blast and solar protection film was applied to the new glass
prior to being glazed into the restored sash. To improve the overall thermal performance of the
building, custom fabricated aluminum storm windows were installed on the interior of the
building at office locations.
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Figure 4. Steel frame blasting and surface profile measurement (left and center); coating mockup (right).

Several challenges were encountered at the beginning of the project that had to be resolved.
Hazardous materials were found in concealed portions of the window assembly that required
remediation. In addition, the weather-stripping had to be custom fabricated, as an off-the-shelf
product replicating the profile could not be located by the contractor. A comprehensive quality
control and quality assurance program was also established that included inspection and surface
profile measurements of the window frames following blasting, and coating thickness
measurements following each layer of coating application.

6 Conclusions
A successful historic window restoration project requires a clear understanding of the existing
window conditions and the owner’s expectations for window maintenance and service life.
When possible, a comprehensive investigation of the existing windows can more accurately
customize a restoration approach that achieves the desired end result.
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Abstract: This contribution presents previous results of a study carried out with the aim of
achieving better results in the restoration processes by replacing the tiles of an exterior
mosaic tiling of the Trencadís type of Catalan Modernism. In this case the trencadís tiles
come from the cutting of pieces, called piastras, of opaque and mass-colored glass called
Smalti Murano glass. These companies have extensive color catalogs that, although not
exactly the same as they were a century ago, are close enough for these replacement tasks.
Each color corresponds, however, to a different composition of glass and a slightly different
manufacturing process. These differences favor that the differences of color always go
accompanied also of differences of superficial aspect. However, not all color references
currently available have the same surface quality since this product, during its manufacture,
acquires primary defects typical of artisanal processes. So far the predominant criteria for
the selection of the new references of piastras that must replace the product damaged by the
extensive exposure to the weather as a coating are based primarily on color. However,
durability requirements must also be part of the selection criteria for substitution references.
The primary defects that a product already presents in its superficial quality are often
indicators of either a more irregular quality or of circumstances that favor the early
appearance of secondary defects throughout its useful life. The main objective of this study is
to ensure, in restoration work by substitution, the selection of the best piastras from the point
of view of surface quality, to apply on site the most similar tiles of tone and with greater
durability. This study is part of a collaboration between the study group LiTA (Laboratori
d'Innovació i Tecnologia de l'Arquitectura) (UPC) and a private non-profit organization.
Keywords: Colour, Murano Glass, Smalti, Trencadís, Preliminary Alteration Patterns.
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1 Introduction
Murano Smalti glass has been used for centuries as a tile in colored mosaics as a coating for
interior walls. Smalti glass, by its nature is very bright, chemically stable and has a solid color
mass. Given its intense mass coloration, the glass tiles were placed sideways with what they
always had small dimensions (of the order of the thickness of the glass) and parallel faces.
The trencadís is a coating typical of the architecture of Catalan Modernism that is
composed of small pieces of materials, irregularly cut, such as enameled ceramics or marble,
arranged randomly supported by its main face (table) on a layer of mortar forming a colorful
polygonal mesh that has three-dimensional architectural motifs. It thus differs from the
traditional historical mosaic by the arbitrary arrangement of the carved tiles with irregular
shapes, by its ability to solve the coating of three-dimensional surfaces and because it is very
often in situations of full weather where it manifests itself with all its brightness and color.
(Fig.1)
The uniqueness of Murano Smalti glass is due to the fact that this mass-colored opal glass
is still handcrafted today using traditional techniques. The same techniques used during
Catalan Modernism. The producing companies continue to supply hundreds of different
colors that cover almost all shades.

Figure 1. Left: test piece for trencadís coating tests made with smalti Murano glass tiles.
Right: referenced glass samples analyzed in this study(source: authors).

2 The Material
In this study the piastras are made of opal glass, called Smalti. In the world of glass mosaics,
smalti indicates a bright, opaque, mass-colored glass with high lead content, generally
obtained by adding a crystalline material (corpo) and colored crystals (anima) to a molten
transparent glass.

Figure 2. Left: Murano Smalti glass forming process by lamination until flat piastras are obtained. Center:
glass piastras shown on Side 1. Right: manual cutting process (source: authors).
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The traditional coloring agents commonly used for glass are a limited number of metal ions
which, by absorbing part of the incident light, give rise to a great diversity of colorations. The
apparent color of each glass depends on the nature of the ion, its oxidation state and the
composition of the glass in which it melts.
Once the desired mixture is mixed in the corresponding crucible, homogenized and
reached the appropriate temperature, masses of molten material are removed from the oven to
form the piastras.
During the process of mixing, melting, forming and subsequent cooling of the piastras,
they acquire various primary defects that alter their surface quality. These primary defects not
only devalue their appearance but can also reduce their durability expectations as they are the
source of new secondary anomalies that appear with the passage of time and exposure to the
weather.
Due to the glass forming process, the surface quality obtained on both sides is not the same
as that the face in contact with the table is kept in contact with the metal while the face in
contact with the laminator is kept in contact with the atmosphere of the premises.
Since the face of the Murano glass in the trencadís lining will not be the edge but the table
of the piastra, it will be necessary to select the one with the least primary defects present. This
is how the face of each piastra is seen, called (A) in this study and the hidden face of each
piastra, called (B) in this study.
The visual difference (brightness, color, surface homogeneity) of the faces is significant
and should be taken into consideration at the time of restoration, since it can alter the
assessment of the final overall quality of the trencadís lining.

Figure 3. On the left the Face (A) of the reference glass S 3020 and on the right the Face (B) of the same glass
reference where bubbles and folds often present in the hidden face of these glasses are appreciated
(source: authors).

The objective of this research is to develop a procedure that allows grouping and ordering
the various references available according to their apparent surface quality, so that artisans
can select and use those references that, for the same color, have fewer primary defects. In
order to favor this objective, the following inspection methodology, census and assessment of
surface quality were proposed.
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3 Methodology
With this objective a campaign was made to capture digital images on a universe of 77
references and 2 pieces for each reference, of approximate dimensions 8x8 cm, which
constitute the basic sample ceded for this study by a company mainly oriented to the
elaboration of this product.
Each of the 77 references has a different tonality, but these can be grouped into 11 color
ranges:
Brown (17 references), violet (3 references), white (5 references), blue (11 references),
green (16 references), orange (7 references), yellow (5 references), red (5 references), pink (4
references), black (2 references) and gray (2 references).
The samples are identified according to the manufacturer's catalog code. These codes are
composed of an initial letter and 4 numbers, the letters refer to the type of smalti,
differentiating them into: C: Skin (3 references), F: Smalti Fino (9 references), I: Imperial (25
references), OR: Ordinary Smalti (28 references), S: Special (12 references), and the numbers
below identify the hue of the color.
This leads us to show that the same color range can be found in different types of smalti
glass. Since the same color can be prescribed in different types of glass, it is about adopting
the one that presents less primary defects and that is probably why it will age more adequately
throughout its useful life, increasing its durability.
3.1 Digitization
All received parts have been digitized using a scanner corresponding to the "HP Deskjet
F2200 series" model. The image has been executed following the following process:
- Cleaning the face of the piece of glass to be scanned with a fiber cloth, including the
removal of the identification sticker if necessary.
- Placement of the pieces on the scanning area (each piece on both sides), forming sets of
20 pieces chosen at random, without corresponding to any sorting or classification.
- Scan of the set of parts, using the software "HP Solution Center", typical of the hardware
referenced above and used for that purpose. Generating JPEG files with a horizontal and
vertical resolution of 600 dpi and a variable dimension, about 10 MB.
3.2 Digital Image Editing
The JPG files corresponding to the scans of the groups of 20 glass samples and the subsequent
edition of the images of the individual samples have been treated with the software "Adobe
Photoshop CS6 version: 13.0.1 service pack: 1".The result of this work was the images of
individual pieces, making a distinction between the two faces of each piece and calling them
"sight" for the face generated by having a work view (face A), and "hidden" for the face
generated to be arranged in contact with the mortar (face B). Generating jpg files of 1146 x
1146 pixels and a horizontal and vertical resolution of 600 dpi.
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Figure 4.Overall images of the various image scanning processes with flatbed scanner (source: authors).

3.3 Characterization of the Identifying Color of the Samples
The characterization of the identifying color of the samples has been made from the images
obtained in the previous process, and responds to the following sequence:
- superposition of 5 arbitrary markers on all images of individual samples.
- measurement of RGB color values in the center of each marker superimposed on the
image of the sample piece, with the aim of parameterizing its color.
- overlay the histogram, in each of the images of individual samples.

Figure 5. Model type of file for the evaluation of the color of the sample (source: authors).
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3.4 Sample Defect Assessment
To assess the visible surface quality of each sample on each face:
- An initial value of 10 has been granted to each face
- For each face of each piece examined, a qualitative assessment of each defect has been
made, giving a value of -1 if the said defect is generalized or 0 if it is punctual or nonexistent.
3.5 Census of Surface Defects
The 10 primary defects observed on this face during the visual inspection are listed below,
accompanied by their description:
- A1 Scales: Presence of half uncoiled sheets of the sample piece.
- A2 Fissures: Presence of marked fissures in the observed face of the sample.
- A3 Cracks: Presence of lesions with differently separated lips and variable depth.
- A4 Polygonal microfisuration: Presence of microcracks showing a cracking structure on
the observed face.
- A5 Wound: Presence of discontinuities more or less deep and with well-defined lateral
limits.
- A6 Longitudinal mark: Presence of unidirectional longitudinal marks, often accompanied
by air pockets and very elongated spots.
- A7 Stain: Presence of spots of different coloration, more or less rounded.
- A8 Color: Presence of traces of colors other than the color of the piece, in the form of
water or stains with a certain contour definition.
- A9 Flatness: Presence of irregularities in the plane of the analyzed face.
- A10 Bubbles: Presence of discontinuities in the material of the analyzed face, of more or
less depth and with a rounded shape.

4 Evaluation and Interpretation of Results
The first interpretation of the results (Table 1) shows that there are different evaluations:
Table 1. Average concurrence of defects on both faces.

Concurrence of more than 5 defects
Concurrence of 5 defects
Concurrence of 4 defects
Concurrence of 3 defects
Concurrence of 2 defects
Presence of a single defect
Without any defect

View face (A) analysis
6.17%
20.99%
22.84%
21.60%
18.52%
7.41%
2.47%

Hidden face (B) analysis
24.69%
22.22%
17.90%
24.07%
7.41%
3.70%
0%

About the analysis between different samples of a same reference, the average additional
defects on both faces (Table 2) are the following:
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Table 2. Average additional defects on both faces.

The same defects are found
There is 1 additional defect
There are 2 additional defects
There are 3 additional defects
There are 4 additional defects

View face (A) analysis
30.86%
35.80%
12.35%
14.81%
6.17%

Hidden face (B) analysis
33.33%
32.10%
14.81%
13.58%
2.47%

Since the objective of the study was to order the different references observed according to
their surface quality (primary defects), to offer information to the artisan before the task of
transferring the color’s design choice to the product code for the highest quality execution,
has been considered a new variable that corrects the scores regarding the characterization of
this material. This variable is the variability of defects observed in different samples of the
same code.
Thus, understanding that a lower variability of valuations between different samples of the
same code is preferable, from the point of view of the reliability of the valuation performed,
and a greater variability of valuations is inconvenient due to the lower reliability of the same
valuation, the criterion of correcting the results has been adopted according to the following
criteria:
Table 3. Criteria of modification of the sample’s score.

Criteria
If the difference in defects between the various samples is 0
If the difference in defects between the various samples is 1 or 2
If the difference in defects between the various samples is 3
If the difference in defects between the various samples is 4 or 5

Modification
+1
±0
-1
-2

5 Final Qualification of References
The absolute final qualification of the samples, for pragmatic reasons, has been reduced to a
double score for each company code: a preponderant score for the face and an accessory score
for the hidden face, based on a 5-star system such as maximum and 1 star minimum. To
capture this fact graphically, generic files have been formulated that contain the information
for each code of the company analyzed.
Finally, a relative final qualification of the samples with respect to the results of the
samples belonging to codes of the same color range has been established. The objective is to
help the selection of codes in the translation of the design color to the nomenclature of the
execution material:
- A high quality code, that is, the best quality available (green color rating),
- A medium quality code (orange rating): its substitution is recommended with the
recommended green references ordered.
- A low quality code (red rating): mandatory replacement is prescribed by the ordered
orange references.
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About the references of Murano glass, the results are as follows:
Table 4. Average distribution of quality by smalti types.
High quality
Medium quality
Low quality

C: Skin
0%
100%
0%

F: Fine
0%
88.89%
11.11%

I: Imperial
20%
60%
20%

O: Ordinary
14.29%
53.57%
32.14%

S: Special
8.33%
50%
41.67%

And in terms of color spectrum:
Table 5. Average distribution of quality by colours.
Quality
High
Medium
Low

Brown
11.76%
52.94%
35.28%

Violet
33.33%
66.67%
0%

White
40%
40%
20%

Blue
9.09%
54.55%
36.36%

Green
0%
68.75%
31.25%

Orange
14.29%
57.14%
28.57%

Yellow
60%
40%
0%

Red
0%
60%
40%

Pink
0%
100%
0%

Black
0%
100%
0%

Grey
0%
100%
0%

6 Conclusions
Murano Smalti glass has been revealed as a material with a high amount of concurrent surface
primary defects, defects that affect similarly to its two faces, although they predominate on its
face (B). It can be concluded because most of the primary defects observed are inherent to the
product as it is currently produced and few others are inherent to the face (B), which is in
contact with the forming table.
The results of this preliminary study, although they illustrate quite clearly the primary
defects that this material suffers, should still be considered indicative, since several limiting
causes must be considered:
- these are parts from references of a single manufacturer and have been voluntarily
selected by the manufacturer itself to be a sample.
- these are cut pieces of larger piastras; In the reality of the work, this intermediate format
is not used, but each tile is extracted, by fractionation, from any area of the piastra.
- the number of references and colors analyzed in each range is not equivalent.
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Abstract. Autogenous self-healing of cement-based materials is a topic of current interest. This
research evaluates autogenous self-healing in four types of mortars based on Portland Cement, one
containing CEM II and the other 3 formulated with CEM I and different additions: fly-ashes;
nanosilica and hydraulic lime. The evolution of longitudinal cracks caused by a point load has been
evaluated measuring the water absorption by capillarity and studying the evolution of the crack by
optical microscopy. Besides the mortar composition, it has been evaluated the effect of the
environmental conditions on the crack repair. The different specimens were exposed to three different
environments: water immersion, curing chamber at 20 ± 2°C and 95 ± 5% of relative humidity (RH)
and the laboratory at 25 ±5°C and 65% ± 5% RH. The results obtained allow us to establish that
constant hydration is an essential factor for the development of self-healing mechanism. If the samples
are kept in water immersion self-healing occurs no matter the additions of the mortar formulation.
Size of the crack is also an important factor to allow self-healing. The product formed during selfhealing to fill the crack is mainly calcium carbonate.
Keywords: Self-Healing, Cement, Environmental Conditions, Cracks, Water Absorption Test.

1 Introduction
Currently, several research fields have been dedicated to studying self-healing materials;
among these smart materials are cement-based materials. Cracking is inherent to the material,
however, the crack width should not exceed a prescribed limit because it can affect its
durability and resistance against aggressive substances (Ghosh, 2009).
This research focuses on the autogenous self-healing of the cracks of mortars based on
Portland cement at early stages. Autogenous self-healing is a natural phenomenon (Joseph,
2008) and this process mainly relies on chemical, physical and mechanical interactions (Kishi,
Ahn, Hosoda, Suzuki, and Takaoka, 2007).
Several authors have demonstrated that the presence of water is fundamental in order to
obtain autogenous self-healing. For instance (ter Heide and Schlangen, 2007) concluded that
hydration was the mechanism for crack healing that leads to the strength recovery of the
prismatic specimens. Similarly (de Rooij, Schlangen, De Belie, and Van Tittelboom, 2011)
indicated that one of the two chemical processes for self-healing is the continuous hydration
of cement. Regarding the influence of environmental conditions, the investigation of
(Argouges, 2012) showed evidence of natural self-healing in cracked specimens stored in a
humid environment 23º C and 100% RH, for up to 5 months. The incorporation of
cementitious materials is another factor influencing self-healing. The investigations of

doi:10.23967/dbmc.2020.216
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(Huang, Ye, and Damidot, 2014) and (Van Tittelboom, Gruyaert, Rahier, and De Belie, 2012)
studied the effect of blast furnace slag and fly-ash on self-healing of cracks in cementitious
materials. Likewise, the research of (De Nardi, Cecchi, Ferrara, Benedetti, and Cristofori,
2017) showed that the presence of crystalline admixtures speeds up the sealing of the cracks
and the recovery of the mechanical properties. In order to evaluate self-healing ability there
are several methods, (Wang, De Belie, and Verstraete, 2012) used the capillary absorption test
to show that the specimens had a low water absorption, which indicated that the precipitation
inside the cracks increased the water penetration resistance of the cracked specimens. In the
same way, (Qureshi, Kanellopoulos, and Al-Tabbaa, 2016) concluded the improvement in
terms of capillary absorption of healed samples was significant after 28 days of healing.
Microscopic methods had also been used extensively to evaluate both autogenous and
autonomous self-healing. The specimens are observed before and after the healing process
(Tang, Kardani, and Cui, 2015).
In this study, the effect of different environment conditions on the autogenous self-healing
of different Portland mortar admixtures was evaluated by means of the capillary absorption
test and by optical microscopy.

2 Experiment
2.1 Materials
In this study, there were used four mortar formulations based on Portland Cement, one
containing CEM II /A-V 42,5 R and the other 3 formulated with CEM I 52,5 R and different
additions: fly-ash from the Bocamina Thermoelectric Power Plant of Chile; nanosilica with a
SiO2 content of 99.998% and calcium hydroxide CL-90. The mass ratio between sand and
cementitious conglomerate (s/c) was 3 and it was established a superplasticizer/cement mass
ratio (sp/c) of 0.012. Table 1 presents the composition of the different mortars. The specimens
were cast in large plastic molds of 100x100x500 mm3 and were reinforced with electrowelded galvanized steel mesh (12.7 mm x 12.7 mm and Ø 0.8 mm), which was embedded at
the top and the bottom of the pieces as can be seen in figure 1a. The pieces were kept 2 days
in the mold and after demolding were cured 5 days in the curing chamber at 20 ± 2° C and 95
± 5% of relative humidity (RH). The next day, the pieces were removed from the curing
chamber and divided into small specimens of 100x100x40 mm3. Mortar specimens were
fabricated to evaluate cracks at very early stages; therefore, at the age of 9-d, longitudinal
cracks were caused to the specimens by a point load (figure 1b). The cracking process started
with a constant average loading speed and then it was decreased to 0.2 mm/s.
2.2 Environmental Exposure
The effect of the environmental conditions on self-healing of concrete has been previously
reported (Suleiman and Nehdi, 2018). Therefore, cracked specimens of the four mortar
formulations were exposed for 60 days to 3 different environments: water immersion at
laboratory conditions, curing chamber at 20 ± 2°C and 95 ± 5% of RH and the laboratory at
25 ±5°C and 65% ± 5% RH. This last group received a weekly amount of water to simulate an
environment with the presence of average humidity.
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In addition, in each environmental condition, the specimens were divided into two groups:
cracked and control specimens (without cracks). The comparison between both specimens
reaffirmed the evolution of the longitudinal cracks.
Table 1. Mix design of the four mortar formulations.

Material (g)
CEM II/A-V 42,5 R
Natural sand
Water
Superplasticizer
CEM I 52,5 R
Fly-ash
Nanosilica
Filler
CL-90

Formulation
M1
7000
21000
3710
84

Formulation
M2

Formulation
M3

Formulation
M4

21000
3850
84
5950
1050

21000
4760
84
5950

21000
4550
84
5950
525

700
350

525

Galvanized steel mesh, Ø 0.8 mm

Galvanized steel mesh, Ø 0.8 mm

a

b

Figure 1. (a) Steel mesh scheme and (b) cracking of the specimen by a point load.
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2.3 Analysis of Self-Healing Products
2.3.1

Water absorption test by capillarity

The water absorption test could effectively evaluate the self-healing performance of cementbased materials (Park and Choi, 2018). This test was performed according to UNE-EN 1925
Natural stone test methods. Determination of water absorption coefficient by capillarity. All
100x100x40 mm3 specimens were oven-dried at 70 ± 5º C. The samples were weighted and
the bottom surface was measured before they were immersed in water at a depth of 5 ± 1mm.
The mass of water absorbed by the samples was measured at: 1, 9, 16, 36, 49, 64, 81, 121, 225
and 361 minutes. The test was carried out before cracking, upon cracking and after 7, 15, 30
and 60 days of exposure to the three different environmental conditions.
The mass of water absorbed per square meter was plotted against the square root of time
and the water absorption coefficient (S) was determined using linear regressions.
2.3.2

Self-healing evaluation by optical microscopy

Optical microscopy was used to observe the cracks surface (Homma, Mihashi, and Nishiwaki,
2009). In this investigation the evolution of the longitudinal cracks surface was monitored just
upon cracking, and after 7, 15, 30 and 60 of exposure to the different environments. The
device used was a Motic Stereoscopic Microscope with Euromex 10 Megapixel Image
Sensor. Each crack was divided into sectors to analyze the evolution of the cracks in each
specimen.

3 Results and Discussion
3.1. Autogenous Crack Healing
3.1.1

Water absorption test

The results showed the relationship between the self-healing efficiency and the variation of
the absorption coefficients over time (before, upon, and after cracking) of the specimens in the
three different environmental conditions (immersion, humidity chamber and laboratory). With
this information, for each environment and for each mortar formulation, exponential
adjustments were made and the mean of the cracked and control (non-cracked) specimens was
calculated, as can be seen in figure 2.
A first general observation was that all cracked specimens that were fully immersed in
water showed absorption coefficients that decreased over time, this confirmed the crack
healing and the formation of hydration products. In the case of cracked specimens exposed to
the curing chamber, the absorption coefficients also decreased over time. However, the
absorption coefficients were higher than for the immersed samples. This could be due to an
incomplete crack healing of the mortars. For cracked specimens conditioned in the laboratory,
their absorption coefficients remained almost similar over time and were higher than the
aforementioned cases. This was attributed to the absence of crack healing in the specimens
conditioned in the laboratory.
Another remarkable observation, were the differences between control and cracked
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specimens. At the beginning of the test just upon cracking, the absorption coefficients of the
cracked specimens were always higher than that of the control specimens. However, after 60
days, the absorption coefficients of the cracked specimens that were fully submerged in water
were lower or similar than that of control specimens. This observation clearly indicates that a
mechanism of self-healing had occurred, and furthermore, the cracks had a major influence on
the capillary water absorption of cementitious materials (Van Belleghem, Van Tittelboom,
and De Belie, 2018).
The properties of each mortar formulation were part of this investigation, one of the
essential characteristics that make a significant impact on water resistance of mortar is
porosity and pore structure (Gulbe, Vitina, and Setina, 2017), graphically it was observed the
absorption coefficients of the M2 specimens were higher than the other mortar formulations.
This fact indicated that at early ages, fly-ash increases the porosity of the mortar, however, it
decreased as the age increased (Termkhajornkit, Nawa, Yamashiro, and Saito, 2009). On the
other hand, the absorption coefficients of the M3 and M4 specimens were lower than the other
mortar formulations. This was because nanosilica diminishes the total volume of accessible
pores in cement mortars (Tobón and Kazes, 2008) and the addition of hydrated lime lowered
the total porosity of fly-ash cement pastes (Barbhuiya, Gbagbo, Russell, and Basheer, 2009).

Figure 2. Exponential adjustments that show the variation of the absorption coefficient of the cracked and
control specimens exposed to water immersion, humidity chamber and laboratory for a period of 60 days.

3.1.2

Optical microscopy

The evolution of the surface crack width of the specimens was measured using a microscope.
Four sector images were taken along the crack, before and after the healing
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process. After 60 days, cracks of the specimens immersed in water showed sealing or the
formation of healing products along the surface of the crack of the specimens (inside and
outside the crack). It must be highlighted that only cracks with a width smaller than 150 µm
exhibited sealing. The images of the crack evolution can be observed in figure 3. In the case
of the cracks of the specimens exposed to the curing chamber, only in some of the cracks
occurred healing. For all the cracks of the specimens conditioned in the laboratory, no
evolution or healing products were observed, due to the minimum contact they had with
water. These findings were in good agreement with the results of the water absorption test by
capillarity.

Figure 3. Evolution in the surface crack of different mortar formulations exposed to water immersion. The
evolution was analyzed upon cracking and during the healing process.

4 Conclusions
This research analyzed the self-healing ability of four mortar formulations of cracked
specimens exposed to different environmental conditions. Based on the experiments, the
following conclusions were obtained:
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-

-

Constant hydration was an essential factor for the development of the autogenous selfhealing mechanism.
Width of the crack was an important factor to allow self-healing and from the
absorption coefficients could be concluded that wider cracks exhibit higher absorption
rates. Nevertheless, the form and path of the cracks were other parameters that had a
big influence on self-healing.
The product formed during self-healing to fill the crack was mainly calcium carbonate.
The incorporation of additions to cement-based mortars did not influence self-healing
of the mortars. In the cracked specimens that were kept in water immersion, selfhealing occurred no matter the additions of the mortar formulation.
High humidity environment conditions influenced only in some of the cracked
specimens, probably in a longer period of exposure, the self-healing of the cracks
could be carried out completely.
Although the water absorption test by capillarity measured effectively the self-healing
performance of the cracked specimens, in some cases, the evaluation by optical
microscopy was more accurate to validate self-healing.
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Abstract. Durability in aggressive environments is an important factor to extend the service life of
concrete and the use ternary blended cements (limestone filler + calcined clays) can contribute to this
purpose. In sulfate environments, the effects of supplementary cementing materials depend on the
concentration, Portland cement and the progress of hydration reactions. Low level of limestone filler
replacement influences the stabilization of AFt due to formation of monocarboaluminate, but high
replacement increases the effective w/c and the capillary porosity promoting sulfate penetration. The
use of active pozzolans suppresses the sulfate attack by minimizing both ettringite and gypsum
formation. It is generally assumed that curing prior to sulfate exposure should be extended to allow the
development of the pozzolanic reaction and subsequent reduction of portlandite content, pore size
structure refinement and permeability reduction. However, in most field applications, concretes exposed
to sulfate attack are cast in situ and thus, these are exposed to sulfate since early ages. This paper
evaluates the sulfate resistance of an illitic-calcined clay and limestone filler when the cement is exposed
immediately to aggressive environments. In this paper, the external sulfate resistance of blended
cements containing 30% replacement of limestone filler and/or calcined clay (C30F, C30CC and
C15F15CC) are analysed. Two different calcined clays from Buenos Aires, Argentina were selected.
Mortar prisms and cement paste cubes were fabricated and exposed to a sodium sulfate solution after
2 days. Comparison of sulfate resistance was based on the expansion, mass variation, visual appearance
and compressive strength . Furthermore, the evolution of microstructure of blended cements exposed to
sodium sulfate solution was characterized by XRD tests on the external surface and the core of cementblended pastes.
Keywords: Illite Calcined Clay, Limestone Filler, Sulfate Attack, Curing, Early Exposure.

1 Introduction
Illite is one of the most abundant clayed minerals of the earth’s crust coming from the alteration
of feldspars and micas of rocks due to the weathering process. Illite clays develop pozzolanic
properties when are thermally treated at 950 °C (Lemma et al, 2015) causing dehydroxylation
and collapse of its structure to form a metastable or amorphous aluminosilicate (Ramachandran,
1995). These pozzolanic properties combined with the large availability of this mineral place
illite calcined clays as a key supplementary material for the future mineral admixtures used in
concrete.
Despite the promising characteristics of calcined clays described, a safe introduction of these
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materials in the concrete technology requires the assessment of other aspects, such as the
durability against different aggressive environments. External sulfate attack (ESA) has been
recognized as a complex degradation phenomenon that may cause severe damage in cement
based materials (Neville, 2004). High resistance to ESA in Na2SO4 solutions is normally
associated with a segmented pore structure and low levels of portlandite (CH) and aluminate
phases available to limit sulfate ingress and ettringite formation (Wild et al, 1997). Another
important issue hardly ever evaluated for ESA resistance is the early sulfate exposure. In reality,
the source of external sulfate ions is usually found in sulfate-rich soils and underground waters
in contact with concrete. Therefore, ESA is especially significant in underground structures like
foundations, tunnels or waste containers. Due to their large size, these structures are usually
build in situ, hence being exposed to sulfates since casting. However, currently most studies
about the ESA performed in laboratory rely on testing specimens cured several days in lime
water prior to immersion in the aggressive sulfates solution (Ikumi et al, 2017).
The aim of this paper is to make a comparative study of the performance of blended cements
with the addition of filler and two different illite calcined clays against sulfate attack without
the previous curing prescribed by the standards to evaluate sulfate resistance when
supplementary materials are used. Different proportions of cement, filler and calcined clay were
used to make pastes and mortars to evaluate the mineralogical changes (X-Ray diffraction) and
the evolution of physical and mechanical properties (mass variation, visual aspect, expansion
and compressive strength) during ESA.

2 Materials and Methods
Portland cement (CEM I 52.5 R) with high C3A-content (8.2%), limestone filler composed by
high purity calcite (LF) and two different illitic calcined clays (ICC) were used. Calcined clays
are identified by their colour: Red (ICCR) and Orange (ICCO). Their chemical composition
determined by XRF are reported in Table 1. These two different illitic clay-stones are from
quarries near to Olavarria, Buenos Aires Province (Argentine) and were calcined in oven at 950
°C and ground in laboratory ball mill until 90% of particles were less than 45 μm. Both calcined
clays meet the chemical requirements for Class N pozzolan (ASTM C 618): S+A+F > 70%;
SO3 < 4 % and LOI < 10%. XRD analysis reveals low intensity peaks of dehydroxilated illite
in both clays and the associated minerals are quartz and hematite for ICCR and, quartz,
hematite, oligoclase and spinel for ICCO. For these two ICCs, the Frattini test was positive after
14 days. Additionally, strength tests were performed and presented in another publication
(Lemma et al, 2015).
Table 1. Chemical composition and mass loss on ignition of cement, filler and ICC, %.

Material

CaO

SiO2

Al2O3

Fe2O3

MgO

SO3

K2O

Na2O

LOI

Cement

60.92

16.58

4.21

1.80

2.16

1.77

0.67

0.28

2.05

Filler

59.53

<0.01

1.10

0.52

0.48

0.06

0.060

<0.01

39.98

ICCR

0.33

66.30

16.28

9.23

1.46

<0.01

5.60

0.08

0.58

ICCO

1.13

63.43

13.82

7.89

2.71

0.04

4.29

1.52

0.2
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Physical characteristic of the materials are summarized in Table 2. Density was determined
by the ASTM C 188 procedure, retained on 75 and 45 µm sieves (ASTM D 422 and C 618) and
Blaine specific surface (ASTM C 204) and the particle size distribution (PSD) were determined
using the laser granulometer (Malvern Mastersizer, 2000). The particle size distribution by
volume of materials are shown in Figure 1.
Table 2. Physical characteristic of cement, clays and filler.

Property / Material

Cement

Filler

ICCR

ICCO

Density

3.10

2.70

2.63

2.65

Dv10, µm

1.8

1.7

1.6

1.3

Dv50, µm

20.1

6.6

8.8

7.3

Dv90, µm

65.1

72.2

33.7

36.9

BET, m2/g

1.10

3.74
522

724

Particle size distribution

Specific Surface Area

Blaine, m2/kg

Figure 1. Particle size distribution of materials.

For this study, the SCM replacement in all binders was set to 30% by cement weight. By this
way, all compositions present the same initial C3A content and thus, the different behaviours
observed can be solely attributed to the effects of the SCMs introduced. Five different blended
cements were prepared: a binary filler cement (70% CEM + 30% LF), a binary illitic red
calcined clay cement (70% CEM + 30% ICCR), a binary illitic orange calcined clay cement
(70% CEM + 30% ICCO), a ternary red illitic blended cement (70% CEM + 15% ICCR + 15%
LF) and a ternary orange blended cement (70% CEM + 15% ICCO + 15% LF). The
nomenclature adopted is C30F, C30CCR, C30CCO, C15F15CCR and C15F15CCO,
respectively.
Pastes were prepared using a water to binder ratio of 0.485 (as prescribed by ASTM C1012)
and mixed using high speed mixer. Eighteen cubes of 20 x 20 x 20 mm were cast for each
blended cement and cured in moist cabinet. After 24 hours, cubes were demolded and immersed
in water for 24 hours to ensure full saturation of the samples prior to sulfate exposure. Then,
twelve cubes were immersed in 50 g/l Na2SO4 solution and the remaining cubes in water at 20
°C. At 7, 14, 28, 56, 96 and 204 days, the change of mass and the visual appearance was
evaluated. Both sulfate solution and water were replaced after each determination.
Changes in phase composition were examined using X-ray diffraction (XRD) at 28 and 204
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days. Surface and core samples of the same size were cut from the paste cubes, dried by solvent
exchange with acetone, crushed and the powder was pressed in cylindrical standard sample
holders of 16 mm diameter and 2.5 mm height. XRD measurements were made using a
PANalytical X’Pert PRO MPD Alpha Ө/2Ө.
The evaluation of expansions during sulfate exposure was based on the mortar bar expansion
tests defined by the ASTM C 1012. Mortar specimens of 25 x 25 x 297 mm elaborated with
w/c=0.485 and cement:graded sand = 1:2.75 were cast. Before sulfate immersion, the standard
proposes a 24 h curing in molds at 38°C and further curing after demolding in lime water until
the compressive strength reaches 20 MPa. For this experience, the initial curing was made in
the molds during 24 hours in a moist cabinet at 20°C. After one day, the specimens were
demolded and immersed in lime-water at 20°C during 24 hours. Finally, the initial length was
measured and the bars were immersed in the 0.352M Na2SO4 solution (50 g/l) at 20°C. The
expansion was determined at 7, 14, 21, 28, 56, 91, 105, 120 and 180 days and the solution was
renewed after each measurement period. Reported expansions are the average of six specimens.
According to ASTM C 1157, blended cement is sulfate resistant (HS) when the expansion does
not exceed 0.05% at 6 months and 0.10% at 1 year.
For compressive strength, mortars bars were cast following the procedure described above
and cut with diamond saw in 25 mm-cubes before immersion in the sulfate solution.
Complementary, a set of 12 cubes continues curing in lime-water. These cubes allow comparing
change mass and compressive strength on the specimens with the same dimension when they
were exposed to sulfate solution.

3 Results and Discussion
3.1 Mass Variation of Paste
Figure 2 shows the relative mass variation rate for each blended cement immersed in sulfate
solution (grey-red-orange) and in water (blue bar) during 6 months. As can be seen, all pastes
presented positive relative mass variations throughout the period evaluated, which indicates
increments of mass during the attack. However, this mass increment is produced at different
rates depending on the binder composition. During the first 28 days, all specimens follow
similar trends, with a gradual decrease on mass gain over time, regardless of the binder and the
exposure condition. This behaviour is associated with the pore filling caused by normal
hydration processes, relevant here as the samples were immersed only 2 days after casting.
After 28 days, the specimens submerged in non-aggressive conditions maintain similar mass
variation rates until the end of the test, as the main hydration reactions occur during the first
weeks. However, the samples stored in sulfate solution show an increase of mass gain from this
age, which is more significant in the composition C30F, followed by the C15F15CC (more in
R than O) and C30CC (again more in R than O). This mass gain observed after 28 days of
aggressive curing is associated with the sulfate uptake and the progressive formation of sulfate
attack compounds such as gypsum and ettringite. These results suggest that the use of calcined
clay reduces the amount of sulfate ions penetrating the matrix and delays the formation of
expansive phases. The higher weight gain over time in pastes with ICCR versus ICCO could
be attributed to a different interaction of the red calcined clay with sulfates than the orange
calcined clay, but this interaction would not be related to greater damage.
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Figure 2. Relative mass variation of pastes cured in water and in sulfate solution.

3.2 Visual Appearance of paste
Figure 3 shows the evolution of visual appearance of paste cubes immersed in sulfate solution
for some selected photographs at 28, 90 and 180 days. Figure 3 shows that the integrity of cubes
for all blended cements is not compromised during the first 28 days of sulfate exposure. At 90
days, C30F presents a remarkable cracking along the edges, which is the typical cracking
pattern associated with the ESA. At this age, pastes with ternary cements (C15F15CCO and
C15F15CCR) show a slight cracking near the corners of the cubes, being its intensity
considerably lower than for C30F. On the other hand, the composition with 30% ICCR presents
no signs of damage after 90 days of sulfate exposure, but for the 30% of ICCO a small crack
can be seen at the edge. At 180 days, C30F cubes are completely cracked as the external layers
and regions close to the corners can be easily shelled by hand. The damage in the composition
C15F15CCO and C15F15CCR has progressed after 180 days of exposure and the initial cracks
observed at 90 days are now connected throughout the entire external edges of the cube. On the
other hand, the C30CCR and C30CCO cubes only developed very slight and fine cracks along
the edges, being slightly more developed in C30CCO pastes. These results suggest that the
incorporation of calcined clays up to a 30 % replacement limit significantly more the amount
of cracking developed during the ESA than the use of limestone filler.

Figure 3. Visual appearance of paste: photographs of cubes at 28, 90 and 180 days.
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3.3 XRD-Analysis of Pastes
Figure 4 shows the XRD patterns obtained from the surface and core samples of the paste cubes
exposed to sulfate attack at 204 days. On the surface (Fig. 4a), ettringite and gypsum formation
are detected in all samples. Peaks of ettringite and gypsum were more intense for C30F. In this
paste, gypsum is confirmed by the presence of peak at 20.72° 2θ. For paste containing 15% of
ICC, a hump before the quartz peak at 20.82° 2θ is detected; also, the high peak intensity at
31.16° and 33.36° 2θ is attributed to gypsum. For C30CCR and C30CCO pastes, the hump and
secondary peak of gypsum have a weak intensity, and some doubt to assign completely the
11.63° and 23.3° 2θ peaks to gypsum arise due to a possible mismatched with the
monocarboluminate. In the core of the cubes (Fig. 4b), ettringite and monocarboaluminte were
assigned as the peak hump at 20.7° 2θ is absent, the peak intensity at 31.16 and 33.36° 2θ were
too weak. In addition, the intensity of CH peaks were too large in the core of the specimens,
indicating its consumption on the surface to from ettringite and gypsum. Some reduction of CH
is attributed to the pozzolanic reaction of illite calcined clays.

Figure 4. XRD pattern on pastes exposed to sulfate solution for 204 days. (a) Surface and (b) Core.

3.4 Expansion of Mortar
Expansions of mortar bars in sulfate solution are shown in Fig. 5. During the initial exposure
up to 28 days, the expansions of the five blended cements present a similar rate, being slightly
higher for C30F. After 28 days, the C30F expansion rate increases exponentially reaching the
limit of 0.10% at 38 days. At 90 days, the attack on C30F has been so severe that it is no longer
possible to measure the length variations since the specimens are practically disintegrated.
On the other hand, C30CCR mortars show a very slow expansion rate and the limit of 0.05%
is only reached at 252 days, which is after the threshold of 6 months established by the ASTM
standard to be considered as a sulfate resistant cement. For the C30CCO the expansion is also
lower but the limit of 0.05% is overpassed at 3 months, so this blended cement is not sulfate
resistance according to the standards. The low expansion when 30% of ICC (O and R) is mixed
with the cement is attributed to the pozzolanic reaction of the calcined clays, which consumes
the CH formed during hydration and reduce the availability of calcium for ettringite formation
and specially blocking the pores to prevent the ingress of sulfates into the matrix. This
pozzolanic reaction progresses after the immersion in the sulfate solution as occurred in nonaggressive water curing.
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For C15F15CCR mortar, the expansion is similar to C30CC up to 90 days, but from this
point, the slope increases and exceeds the limit of 0.10% at 161 days, qualifying this cement as
not sulfate resistant. The C15F15CCO mortar, the expansion is similar to C30CC up to 56, then
the expansion grows faster than the other ternary cement and the limit of 0.05% is passed at this
age. Here it can be seen that the ICCR has better pozzolanic activity than the ICCO, because it
produces lower expansion on sulfate for the binary and ternary cements.

Figure 5. Expansion on sodium sulfate of mortar following ASTM 1012. (a) Blended cements with ICCR
and (b) blended cements with ICCN.

3.5 Compressive Strength
Figure 6 shows the compressive strength of mortar for blended cements immersed in sulfate
solution (Fig 6 a and c) and in distillate water (Fig 6 b and d). For C30CCR and C30CCO, the
compressive strength of mortar cubes cured in water and those cured in sulfate increases from
28 to 90 days confirming the pozzolanic reaction. On the other hand, C30F shows a slight
increase due to the dilution caused by limestone filler addition.
At 90 days, C30F cured in sulfates has practically lost its compressive strength, indicating
severe degradation caused by ESA. Compositions with the 30 % ICC replacement (C30CCR
and CC30CCO) present a significant increase of the compressive strength during the 28 - 90
days period in aggressive conditions. At 90 days, the strengths obtained even reach higher
values than the ones obtained in non-aggressive conditions. This behaviour might be attributed
to ettringite formation in quantities below the damage onset threshold, which only causes a
densification of the matrix. Mixtures with 15 % ICC replacement also develop strength
improvements from 28 to 90 days. However, in this case the strength gained is lower than the
one observed in 30 % ICC replacement mixtures, specially in the ICCO material.

Figure 6. Compressive Strength of mortars, (a) C30CCR, C15F15CCR cured in sulfate, (b) C30CCR,
C15F15CCR cured in water, (c) C30CCO, C15F15CCO cured in sulfate, (d) C30CCO, C15F15CCO
cured in water.
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4

Conclusions

Preliminary results of this study related to the sulfate attack with limestone filler and two
different illitic calcined clay exposed immediately to the aggressive environment shows that:
- Limestone filler addition to Portland cement causes the formation of
monocarboaluminate, which is unstable in sulfate environment and rapidly forms
ettringite causing cracking and massive influx of sulfate ions promoting the gypsum
formation, expansion and compressive strength reduction.
- The pozzolanic reaction of calcined clay in mortars is similarly developed in aggressive
and non-aggressive curing conditions, consuming the CH and blocking the sulfate
ingress due to pore size refinement. The AFm phases formed during hydration in water
were converted to ettringite when pastes are exposed to sulfate solution, but the mortar
shows no expansion and retains the compressive strength at 6 months.
- These experiences show that despite the lack of curing prior to sulfate exposure, cement
with the replacement of 30% of an illitic calcined clay (in this case the ICCR better than
ICCO) shows great resistance to ESA, while limestone cements presented a worse
performance.
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Abstract. This article describes testing of peel and shear resistance and airtightness of joints of air and
vapour barrier systems before and after artificial aging. The testing of peel and shear resistance was
based on standardised methods while the test of airtightness was a method invented for this project. The
results show that while peel and shear strength increased with aging, the airtightness was significantly
reduced. As these two results seem to contradict each other, the methods are discussed, especially
whether the standardised tests are too far from the conditions on site or joints should be tested on other
materials as well. Furthermore, weaknesses in the airtightness method is also pointed out.
Keywords: Peel Resistance, Shear Resistance, Airtightness, Artificial Aging, Air and Vapour Barrier.

1 Introduction
To reduce energy consumption some building regulations (e.g. BR18, 2017) require test of
airtightness in newly erected buildings. Membranes are widely used to ensure the required
airtightness but often their purpose is twofold; increased airtightness and reduced diffusion.
Independently of whether a vapour barrier or an air barrier is needed, the tightness of the joints
is crucial. Furthermore, the joints must stay tight throughout the service life of the membrane.
By joints are meant joints between two lengths of membrane and joints between membrane
and other building parts. Tapes or adhesives can be used as sealants, most manufacturers sell
membranes and sealants as systems, preferably including collars for pipes that may penetrate
the membrane. This is a way to ensure that membrane and sealant are compatible. In Denmark,
an independent company (DUKO) classifies vapour barrier systems and roofing underlays, the
requirements for obtaining classification include tests of peel and shear resistance.
There are different standardised ways to test joints, e.g.:
- Peel resistance according to EN 12316-2:2013 or E DIN 4108-11:2016
- Shear resistance according to EN 12317-2:2010 or E DIN 4108-11:2016
Systems can be tested just after installation or after ageing. Although tests of airtightness are
only required in new buildings, evaluation of durability requires tests of performance of aged
joints. Methods for artificial aging are described by Møller and Hansen (2017), together with
detailed descriptions of resistance test methods and a new way of testing airtightness.
This article describes the outcome of tests of resistance against peel and shear of nine vapour
or air barrier systems before and after aging and the result of the non-standardised test of
airtightness. It also discusses whether the result from standardised test methods corresponds to
what can be observed on building sites and the new way of testing airtightness.
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2 Method
All test methods are based on the standardised methods described in ISO or DIN standards
except for the test of airtightness, which has been invented for this project. To ensure a uniform
pressure when taping the joints, samples for peel or shear resistance testing were placed on a
plane surface and a 50 mm wide 2 kg rubber coated roller was pulled over the joint.
2.1 Materials
Nine air or vapour systems were selected for testing, the selection was made by contacting
manufacturers and suppliers of air or vapour barrier systems. It was asked whether they would
be interested in having their product tested. The characterisation of the materials as given by
the manufacturers is shown in Table 1. All systems used tape for joints.
Table 1. Materials used for testing with descriptions given by the manufacturers, VB and AB denotes Vapour
Barrier and Air Barrier, respectively. PE = Polyethylene, PP = Polypropylene.

ID
A
B
C
D
E
F
G
H
I

Description
VB
VB
VB
VB
VB
AB
VB
VB
AB

Membrane material
PE
Multi-layer PE
LDPE
PE
PE
3-layer with woven reinforcement
3-layer: PE, PP (reinforcement and fleece)
PP nonwoven + PP foil
PP fibre cloth with PP coating

Thickness [mm]
0.11
0.20
0.15
0.12
0.15
Unknown
0.20
Unknown
0.20

2.2 Artificial Aging
All tests were performed on non-aged as well as aged samples, except peel resistance for
membrane joint with membrane, which were only tested on non-aged samples. The artificial
aging was performed by placing the samples for 84 days in a climate chamber at 70 °C and 90
% relative humidity followed by 84 days in a ventilated oven at 70 °C.
2.3 Peel Resistance
Peel resistance was tested on joints of two membranes and joints of membrane and aerated
concrete (AAC). The tests were performed according to EN 12316-2:2013 that specifies how
to test peel resistance of a joint between two pieces of a membrane. A sample was placed in a
testing machine with the grips 200 mm apart. During testing the grips moved apart at a constant
speed. The force used for peeling was recorded. The method was adjusted for the test with AAC
because of the thickness of the AAC.
In addition, the speed of the tests was reduced from a separating speed for the grips from
100 ± 10 mm/min to 10 ± 1 mm/min. Samples used for membrane/AAC tests were approx. 14
cm wide instead of the standardised 50 mm, that were used for the membrane/membrane joints.
The measured force was converted to the equivalent force for 50 mm samples. Figure 1 shows
the principle of the tests as well as pictures from the testing. Five samples were tested for each
material combination.
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180°

Figure 1. Test of peel resistance, sketch from the side and photo from the front. Left: Membrane taped to AAC.
Right: Two pieces of membrane taped together.

2.4 Shear Resistance
Shear resistance was tested on aged and non-aged joints of membrane/membrane (see Figure
2) and according to EN 12317-2:2010. Similar to the peel test, the ends of the samples were
placed in the grips of a testing machine with a constant separating speed and the shear strength
was recorded. The separating speed was reduced from 100 ± 10 mm/min to 10 ± 1 mm/min.

Figure 2. Test of shear resistance, sketch from the side and photo from the front.

2.5 Test of Airtightness
The test of airtightness was not a standard test but a test especially invented to simulate
conditions in an older attic where it would be difficult to establish an airtight barrier. The aim
was to test airtightness before and after artificial aging. The method is described in (Møller and
Hansen, 2017). In short, it consisted of a wooden frame supplied with angled boards and a pipe
in the middle. The inside of the frame was lined with the membrane to be tested and fixed to
the frame with the system’s tape. To secure airtightness around the pipe the system’s collars
were used and the pipe sealed. The frame was placed in a box leaving a small space between
membrane and box, see Figure 3. It was ensured that the frame was airtight and so was the
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connection between box and frame. Through a hole in the box a ventilator created a pressure
difference between box and frame. The flow necessary to obtain pressurisation of 10, 22, 34,
46, 58, 70 and 82 Pa was recorded. The test was repeated three times and again three times with
the same negative pressure differences. By linear regression, the results from the different
pressure differences were combined to a single value for a pressurisation of 50 Pa. The test was
inspired by the blower door test (EN/ISO 9972: 2015). After 164 days of artificial aging, the
tests were repeated. One frame of each system was tested.

Figure 3. Test equipment for test of airtightness. Left: wooden frame with lining of membrane taped to the
frame, pipe with collar in the middle. Right: wooden frame placed in box, a ventilator created a pressure
difference between frame and box through a hole in the box (not visible on photo).

3 Results
To evaluate the tests results, these are compared to the requirements given by DUKO (2014)
when manufacturers want to obtain a certification of their product. Therefore, a line,
representing the requirements given by DUKO, has been added to the presentation of results.
3.1 Peel Tests
The DUKO requirements for non-aged joints of membrane/membrane and membrane/AAC is
> 10N/50 mm. There are no requirements for aged joints. The results of the peel resistance tests
are shown in Figure 4. All systems fulfilled the DUKO requirements. Except for system B, all
membrane/ACC became stronger with aging. All non-aged membrane/membrane joints, except
for system C, were more than 20 % stronger than non-aged membrane/ACC joints.

Peel resistance
[N/50 mm]

40

Non-aged, membrane/AAC

Aged, membrane/AAC

Non-aged, membrane / membrane

30
20
10
0

A

B

C

D
E system F
Air or vapour
barrier

G

H

I

Figure 4. Result of test of peel resistance, average of five samples, with standard deviations. The orange line
marks the DUKO requirements for non-aged joints, there are no requirements on aged joints.
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Tapes consist of an adhesive and a carrier layer. As shown in Figure 5 there were different
places where the adhesive could fail; either the bonding to AAC or to the carrier layer. Where
the adhesive stayed showed where the best bonding took place.
Adhesive / AAC
Adhesive / tape
Adhesive / membrane

Figure 5. The failure of the adhesive could appear in different places, the sketch shows three possibilities in
membrane/AAC connections. The photos show examples, Left: Failure between adhesive and AAC (very little
adhesive left on AAC). Right: Failure between adhesive and tape as the adhesive left the carrier layer of the tape.

In some tests, the failure was not clearly between two layers, but parts of the adhesive would
stay at the tape and other parts would be peeled of the tape or the failure layer was not the same
in all tests of the same system. Consequently, some systems have two failure modes, which can
be seen in Table 2, where the failure modes are presented.
Table 2.Point of failure in peel test. In no test did the membrane break.

Point of failure
Adhesive/tape
Non-aged,
Adhesive/AAC
membrane/AAC
Adhesive/membrane
Adhesive/tape
Aged,
Adhesive/AAC
membrane/AAC
Adhesive/membrane
Adhesive/tape
Non-aged,
membrane/membrane Adhesive/membrane

A

B

x

x

x
x

x

C
x
x

D

E

F

G

H

I

x

x

x

x

x

x

x

x

x
x

x

x

x

x

x
x

x

x
x

x
x

x

x

x

x

3.2 Shear Tests
The results of the shear tests are shown in Figure 6, all systems fulfilled the DUKO
requirements. The non-aged samples of system A did not come apart; the membrane, however,
was stretched to more than the double of its length, without enhancing the force of the machine.
In the rest of the systems, the adhesive did not stick to the tape. In the aged samples, the tape
broke in system A and G, in the other systems the adhesive did not stick to the tape.
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Non-aged

Shear resistance
[N/ 50 mm]

100

Aged

75
50
25
0

A

B

C

D

E

F

G

Air or vapour barrier system

H

I

Figure 6. Shear strength, average of 5 samples with standard deviations. Orange line: DUKO requirements for
non-aged and aged joints.

3.3 Airtightness
The results of the airtightness tests are shown in Figure 7. All systems needed higher air flow
after aging, i.e. all systems were leakier after aging, typically 2-3 times more than before aging.
Pressurisation, 50 Pa
Non-aged

Aged

10
5
0

A

B

C

D

E

F

Depressurisation, 50 Pa

15

Air flow [m3/h]

Air flow [m3/h]

15

G

Air or vapour barrier system

H

I

Non-aged

Aged

10
5
0

A

B

C

D

E

F

G

Air or vapour barrier system

H

I

Figure 7. Test of airtightness of non-aged and aged systems, positive and negative pressure difference of 50 Pa.
With standard deviations.

4 Discussion
Whether the aging method is the most relevant will not be discussed here, as this method has
been discussed by Møller and Hansen (2017). Furthermore, there is no clear picture of which
systems perform best, consequently, the discussion is limited to general results and the methods.
4.1 Testing of Peel and Shear Resistance
Although the testing of peel and shear resistance are two different tests, there are many
similarities between the results, therefore, these are discussed collectively.
It was expected that peel and shear strength would decrease because of aging. However, the
results contradict this; except for system B, peel strength on AAC was generally enhanced and
shear strength on membrane/membrane was enhanced or only reduced by less than 10 % in all
cases except system D where the shear strength was reduced by more than 1/3.
This is surprising, as practitioners have reported how some tapes, with time lose their ability
to adhere to membranes, and from that generalised to all types of surfaces. Unfortunately, these
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statements have not been verified systematically, and are only built on specific cases that
experienced craftsmen have come across. Change of bonding may vary with aging and be
surface/material dependent. Therefore, testing with a larger variety of surfaces seems needed.
However, it also raises the question whether the tests can predict the behaviour of the systems
on site. The samples were made under ideal conditions: The joints were assembled on a plane
horizontal support with a 2 kg roller under relatively clean laboratory conditions; this ensured
the reproducibility of the test. Unfortunately, this may be in contradiction to conditions on site,
where there should be a solid support, but the surface may not be plane and clean, the pressure
used on the tape is not well defined. Hence, air leakage may not only be related to aging but to
bad adhesion in the first place and consequently more sensible to aging than the tests foresee.
It underlines the importance of correct workmanship, but questions the relevance of the tests.
In the peel tests of non-aged samples with AAC the adhesive was generally peeled of the
AAC, while in the aged test the adhesive was more often peeled of the tape; apparently bonding
to the AAC grew with aging. It is not clear why; maybe the heat decreased the viscosity of the
adhesive, consequently, the adhesive could penetrate the pores of the AAC and thereby enhance
the bonding. Maybe the outcome would have been differently if beech had been used instead
of AAC, as prescribed in E DIN 4108-11:2016, the pores in beech are much finer than in AAC.
In the aged samples and most of the membrane/membrane joints, the failure occurred
between the adhesive and the carrier layer of the tape. This means that it is not a problem to
ensure bonding to membranes in shear tests or to AAC in general; the weak spot is in the tape
itself, a better tape would be one where the adhesive bonds better to the carrier layer.
4.2 Testing of Airtightness
While the peel and shear tests are standardised, the test of airtightness was a new method, it is
therefore relevant not only to evaluate the results but also the method itself.
The results of the airtightness tests were reproducible; each test was performed at least three
times and the results were very close to each other; apparently, tests with pressure difference of
up to 82 Pa did not influence the airtightness in the following test. The outcome of the test did
also not depend on the operator, something that was also tested.
Contrary to the peel and shear tests, the testing of the airtightness showed a significant
reduction caused by aging. Probably the uneven support made it impossible to make as perfect
joints as in the standardised plane test samples; possibly tension in the joints caused leakage if
these tensions opened the joints over time. The test was designed to simulate realistic conditions
in a building and - contrary to the standardised peel and shear tests - the results agreed with
statements from practitioners. The test might therefore be relevant. Unfortunately, the samples
were not tightened to the same level of tightness level before testing, but only tightened to a
level, where it was possible to obtain the needed pressure difference. In many cases additional
tightening had to be done immediately before testing the non-aged samples. Consequently, the
test only shows the influence of ageing of systems with a tightness above a certain level.
Artificial aging seemed to be important, however, it is possible that the release of tension in the
joints happened within relatively short time. The testing should probably have been performed
more than 24 h after final tightening just as the peel and shear tests were. Other test methods
that involve membranes, e.g. test of radon membranes, require a relaxation period of at least 40
hours after installation (Rasmussen and Cornelius, 2017).
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DUKO (2014) has a method of testing airtightness that involves a mock-up of a wooden
framework resembling a 12 m² wooden building. It is tested for airtightness twice with one
week apart, but no artificial aging. By comparing the two tests methods, it might be possible to
determine if artificial aging is important for the test.

5 Conclusion
The tested systems all fulfil the requirements for obtaining a DUKO certification on peel and
shear resistance. In peel tests of aged samples on AAC and almost all shear tests, the weak layer
was at the intersection between carrier layer of the tape and the adhesive, thus, improvement of
the peel resistance should be an improvement of the tape itself not the bonding to AAC.
Surprisingly, the peel resistance increased with aging for taped joints to AAC, and shear
resistance increased generally. Contrary to this, the test of airtightness showed significant loses
in airtightness after aging performed in a wooden box. This raises the question whether the
standardised tests of peel and shear resistance are performed under conditions that are too far
from the conditions on site and therefore irrelevant. Additionally, it may be necessary to test on
more surfaces than only membrane and ACC, e.g. wood.
The airtightness test was an attempt to find a different but relevant and reproductive test
method. The method still needs to be improved, and compared with other test methods, but the
result seemed to be reproductive and in concordance with experience from practice.
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Abstract. The fly ash concrete (FAC) has often been used in chloride contaminate environments. The
aluminates present in fly ash (FA) react with free chlorides binding them and reducing the amount of
chlorides able to penetrate into concrete. However, Ca(OH) 2 present in FAC is easily consumed by
pozzolanic reactions, making easier the advance of carbonation. In this context, it is important to know
the FAC behaviour in environments subjected simultaneously to chlorides and carbonation. Chloride
diffusion coefficient (D) increases in environments containing chlorides and CO2 when compared to one
containing only chlorides. This increase is related to the effects of carbonation on concrete. Therefore,
this paper investigates the efficiency of FAC in context of the combined action of chlorides and
carbonation. Two different concretes were cast, a FAC (40% FA) and a reference concrete (RC), that
is a concrete with similar properties to FAC but without FA. After 90 days humid curing, half of
specimens were subjected to accelerated carbonation (20ºC, 55% RH and 4% CO 2) during 1, 2 and 7
months. The other half was protected and remained in laboratory during the same period. Afterwards,
non-steady-state migration tests were performed. The results show that, under the studied conditions,
the efficiency of the FAC against chloride penetration is not affected when compared to the results
obtained for RC. The carbonation depth in FAC is higher than in RC, but the D in FAC remain lower
than in RC. This behaviour can be attributed to the higher capacity of FAC binding chlorides.
Keywords: Chloride, Carbonation, Fly Ash, Combined Action, Migration Test.

1 Introduction
The building sector plays a significant role in the global energy use and carbon emissions. The
concrete is one of most consumed materials in the world and the annual worldwide CO2
emissions from cement manufacturing, main component of concrete, add up to almost 2.3
billion mt, which is nearly 7% of the global emissions from fossil fuel combustion (Mehta &
Monteiro, 2014). To reduce the environmental impact of the building sector is essential to
reduce the cement consumption and to guarantee the long-term durability of concrete structures.
The incorporation of fly ash (FA) in cementitious matrices has been used in two main ways.
First, to reduce the cement consumption without loss of mechanical strength. Second, to
increase the concrete structures durability, making its cementitious matrix more resistant to the
action of chlorides. The SiO2 present in FA reacts with Ca(OH)2 resulting from cement
hydration and produces C-S-H structures that strongly decrease the concrete porosity and hence
reduces the transport of aggressive agents such as chloride ions. In addition, the aluminates
present in FA chemically react with free chlorides binding them and reducing the amount of
free chlorides able to penetrate into concrete (Alonso Alonso, Acha and Andrade, 1994).

doi:10.23967/dbmc.2020.136
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Therefore, the FA concrete has showed a high perform in chloride presence (Cheewaket, T.,
Jaturapitakkul, C. and Chalee, 2010; Chindaprasirt, Rukzon and Sirivivatnanon, 2008; Varga,
I., Spragg, R., Bella, C., Castro, J., 2014). However, the consumption of Ca(OH)2, due to the
pozzolanic reactions, decreases the alkalinity of the concrete and resulting in a more rapid
carbonation when compared to a concrete made without FA (Neville, 1997). In this sense, it is
necessary to investigate the efficiency of FA concrete in the context of the environment
containing chlorides and carbon dioxide.
In the present work, an experimental investigation is carried out to understand the behaviour
of FA concrete against the coupled effect of chloride and carbonation. The effect of carbonation
on chloride diffusion coefficient is evaluated.

2 Experimental Program
2.1 Materials and Concrete Mixtures
Ordinary Portland Cement (OPC), CEM I 42.5R, and FA were used as binder materials in the
concrete specimens, which chemical compositions are presented in Table 1. The chemical
composition of FA was determined using x-ray fluorescence spectroscopy. In addition,
Scanning Electron Microscopy was used to observe FA morphology (Figure 1), revealing that
it is mainly composed by cenosphere particles (Malheiro et al., 2018). These FA were obtained
from the burning of South African and Colombian coal in Portuguese thermoelectric power
plants.
Table 1. Chemical composition of OPC and FA.
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

K2O

Na2O

Clˉ

TiO2

P2O5

LOI

IR

RE

OPC
(%)

20.33

4.59

3.06

62.30

2.12

3.10

0.76

0.19

0.07

-

-

1.78

1.21

0.49

FA
(%)

55.10

26.60

5.70

2.58

1.30

-

1.41

0.26

-

1.33

0.73

3.07

-

1.92

LOI – Loss on ignition IR – Insoluble residual RE – Remaining elements

Figure 1. SEM FA images: a - 100µm (x300) and b – 30µm (x1500).

In addition to knowing the behavior of FAC under combined situation, it is also important
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to compare its behavior to RC behavior, that is a concrete with similar properties to FAC but
without FA, under same situation. Thus, two mixtures were adopted in this study, which are
presented in Table 2. Crushed sand with a fineness modulus of 2.96 and two types of granitic
crushed coarse aggregate, one with fineness modulus of 6.07 and the other with 6.94, were used.
Tap water, maximum value of chlorides in the water was 10 mg/l, was used for mixtures.
Table 2. Materials and main properties of the mixtures.

Properties
FA (%)
Cement (kg/m 3)
FA (kg/m3)
Water/binder ratio
Slump (mm)
Compressive strength 365
days (MPa)
Immersion water absorption
(%)
Capillary water absorption
(kg/m2/min1/2)

FAC
40
228
152
0.50
110

RC
0
380
0
0.50
95

51.59

53.45

9.99

10.75

0.116

0.104

Cylindrical concrete specimens with ϕ100x200 mm were casted with the mixtures presented.
After casting, the specimens were covered with a plastic sheet and were stored in a humidity
chamber (21 ºC and 98% RH) for one day. Then, they were removed from the moulds and were
cured immersed in water for 90 days. The choice of this curing period was to give enough time
for pozzolanic reactions in specimens containing FA to occur. After the curing period, all
specimens were cut in three slices (ϕ100x50 mm). The top and bottom of the samples were
discarded.
2.2 Accelerated Tests
The efficiency of FAC in the context of the combined action between chlorides and carbonation
was studied in two ways: combined situation and reference situation. In the combined situation
the specimens were subjected to carbonation test and, after, to chloride migration test. In the
reference situation, the specimens were subjected only to the chloride migration test. The Figure
2 shows the test scheme.

Figure 2. Laboratorial procedure scheme.

Before the tests, the specimens (FAC and RC) were subjected to preconditioning procedures
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in order to achieve the equilibrium with environmental humidity near 60% and accelerate the
carbonation process (in the combined situation case). This preconditioning had three stages. In
the first stage, the specimens remained in a chamber with controlled temperature and humidity
(20ºC and 60% RH) until reaching constant mass. Second, they had the lateral and the bottom
face covered with paraffin in order to guarantee the one dimensional attack of aggressive agents
through the top of the specimen. Third, in order to distribute the humidity inside the concrete
specimens, they were protected with several layers of plastic film and put in a ventilated oven
(40ºC), for 20 days. The specimens were weighed before and after being in oven and one has
verified that the water loss was not bigger than 0.1%.
In the combined situation, after preconditioning procedures, the plastic film was removed
and the specimens were subjected to accelerated carbonation in carbonation chamber (4% CO2,
20ºC and 55% RH), following the recommendations of the European Standard (CEN/TS1239012, 2010), during three different periods: 1, 2 and 7 months. Finished the test, the specimens
were not broken and the paraffin coating was removed in order to permit the chloride migration
test to be carried out. In the reference situation, the specimens remained wrapped in laboratory
environment (20ºC and 60% RH) until chloride migration test time.
After, the chloride migration test was performed according the Portuguese specification
(LNEC E 463, 2004). Finished the test, the specimens were broken perpendicular to the
penetration direction of the aggressive agents. In the combined situation, the specimens were
tested after each carbonation period studied. In this case, the halves were used in different ways:
one half was sprayed with a solution of 1% phenolphthalein in 70% ethyl alcohol (RILEM TC
CPC-18, 1988) in order to determine the carbonated front and the other half was sprayed with
0.1 N AgNO3 to determine the chloride penetration depth. In the reference situation, the halves
were used to determine the chloride penetration depth.
2.3 Capillary Water Absorption Test
The capillary water absorption test was carried out in order to study the open porosity of
concrete (LNEC E 393, 1993). The test consisted in measuring the amount of absorbed water
through only one face of a no saturated concrete specimen immersed in a water film of 5 ± 1
mm. The absorption of water through capillarity is the difference between concrete hardened
mass, Mi (g), that had one face in contact with water during a time ti and the dry concrete mass,
M0 (g), divided by the superficial area that was in contact with water, a (mm).

3 Results and Discussion
3.1 Effect of Carbonation on the Chloride Diffusion Coefficient in Specimens with FA
Incorporation
The effect of carbonation on the chloride diffusion coefficient in FAC is evaluated in Figure 3.
This figure gathers the chloride diffusion coefficient values achieved for concrete subjected to
the combined situation and reference situation. The values were determined for the three
different carbonation test periods studied: 1, 2 and 7 months.
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Figure 3. Chloride diffusion coefficient for FAC for the different situations: combined and reference.

According Figure 3, under conditions studied, there is a significant increase in chloride
diffusion coefficient for FAC subjected to the combined situation when compared to the
reference situation. This increase is quite high since the first month and gradually increases,
until reaching the value of 352% in the seventh month.
The relationship between chloride diffusion coefficient and carbonation depth for FA
concretes studied is showed in Figure 4. In this case, the chloride diffusion coefficient is closely
related to the carbonation depth, through of an exponential equation with high coefficient of
determination, R2 = 0.93. In this sense, the increase in the carbonation depth leads to a
significant increase in the chloride diffusion coefficient for FAC.

Figure 4. Relationship between chloride diffusion coefficient and carbonation depth for FAC.

The increase in the chloride diffusion coefficient can be related to: the increase in the large
capillary pores, caused by carbonation (Ngala, V. and Page, 1997), which, in this case, can
provides a "privileged path" for the chlorides penetration; and the chloride binding capacity
reduction in carbonated concrete, consequently, there are more free chlorides available to
penetrate in the cementitious matrix. The hypothesis of the increase in the large capillary pores
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is investigated through the study of open porosity. The Figure 5 shows the capillary absorption
results, after seven months, for FAC.

Figure 5. Capillary water absorption kinetics (left) and capillary water absorption test (right) after seven months
testing.

In Figure 5 (left) is observed a higher capillary absorption coefficient for the specimens
under combined situation when compared to the specimens under reference situation. It can
indicate an increase in the fraction of the large capillary pores in FA concrete carbonated.
Furthermore, the specimens subjected to the combined situation reached the stability (capillary
pore saturation) more quickly, around 40 min1/2, than ones under reference situation. The
"superficial perspiration" verified in the specimens subjected to the combined situation (Figure
5, right) can be related to this capillary pore saturation. The results corroborate the hypothesis
that the increase in the large capillary pores was one of the responsible for the increase in the
chloride penetration in the carbonated FAC.
In this sense, it is possible to say that the FAC carbonated, under studied conditions, can
work as a "privileged path" for the free chlorides penetration. This path can be seen in FAC
specimens after combined test (Figure 6): XM1 is carbonation depth (left) and XM2 is chloride
penetration depth (right). The chlorides completely cross the carbonated front, XM1, but only
penetrate a few millimeters (XM2 - XM1) after this front.

Figure 6. FAC specimens after combined situation (carbonation plus migration test).
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3.2 Comparison between the Results Obtained for Specimens with FA Incorporation
and Equivalent Specimens without FA
It is important to understand the FAC behavior in environments containing chloride and carbon
dioxide but it also important to compare its performance to RC performance in the same
environment. The Figure 7 gathering the chloride diffusion coefficients and the carbonation
depths achieved for these two types of concrete in different test periods.

Figure 7. Chloride diffusion coefficients and carbonation depths achieved for FAC and RC under combined
situation.

Regardless the test period and carbonation depth, the chloride diffusion coefficients for FAC
is always less than the chloride diffusion coefficients for RC. This difference in chloride
diffusion coefficients values tends to decrease over time, from 85% in the first month of testing
to 53% in the seventh month (it is still a very significant difference). This result corroborates
the efficiency of FAC against the chloride penetration, under conditions studied, even when the
concrete structures are inserted in environments subject to chloride ions and carbon dioxide.
However, it is important to note that, regardless the test period, the carbonation depths for
FAC is always higher than the carbonation depth for RC. In the seventh month, the carbonation
depth for FAC is very close 30 mm. Taking into account the minimum coatings recommended
by standards for carbonation environment, 25 – 40 mm (LNEC E 464, 2007), in this case,
carbonation front can be close to the concrete reinforcement.

4

Conclusions

By experimental investigations on FAC subjected to chloride and carbonation environment,
under conditions studied, the main conclusions can be drawn:
- There is a significant increase in chloride diffusion coefficient for FAC subjected to the
combined situation when compared to the reference situation. This increase is related to
the carbonation depth through an exponential relationship.
- This increase can be related to the increase in the large capillary pores, caused by
carbonation, and the chloride binding capacity reduction in carbonated concrete.
- Despite the increase mentioned above, under chloride and carbon dioxide presence, the
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chloride diffusion coefficient for FAC is always less than the chloride diffusion
coefficient for RC. However, the carbonation depth is significant.
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Abstract. The Palace of Westminster, commonly known as the Houses of Parliament, serves as the
meeting place of the House of Commons and the House of Lords and is situated on the north bank of
the River Thames in London, England. The site is part of the UNESCO Westminster World Heritage
Site. The building was constructed of magnesian limestone, selected following a nationwide survey of
building stones carried out by a Government Select Committee. However, some of this stone began
to decay soon after construction in the mid 1800s. As the majority of the stonework has survived very
well the aim of the work was to source a demonstrably durable material with characteristics which
align with the majority of the existing stonework. Samples were taken from the building for
petrographic analysis in order to identify compatible material in quarries, either working or which
could be re-opened. Durability of the magnesian limestone was assessed using both accepted tests
and novel methodology. Large scale walls were constructed in the laboratory and exposed to
accelerated frost weathering with realistic temperature parameters. The logistical problems with
sourcing the original building material, the nature of the transport and the masons' unfamiliarity with
the stone may all have played a part in undermining its durability. When magnesian limestone is
properly selected and used correctly, its reputation for being of poor durability is largely unfounded.
Suitable sources for replacement stone were located which provided several options for both
immediate and long-term sourcing for repair and conservation.
Keywords: Magnesian Limestone, Durability, Restoration, Weathering, Freeze Thaw.

1 Introduction
As with all historic buildings, natural wear and tear results in the necessity of repairing the
fabric of the Palace of Westminster from time to time. Wherever possible this is undertaken
with either the original stone where this is still available, or a stone which is petrographically,
chemically and visually similar to the original, when the original source is unknown or has
been worked out or sterilised by development. Unfortunately, over the years a number of
stories regarding the unsuitability of the stone used by Barry to build the ‘New’ Houses of
Parliament after the disastrous fire of 1834, have become to be regarded as fact (Shenton,
n.d.).

2 The Historic Construction
The original stone for the Palace of Westminster selected by the Commissioners appointed by
Parliament, was magnesian limestone from Bolsover Moor. The rate of extraction of acceptable
stone with suitable bed heights could not be maintained and production was switched to
Mansfield Woodhouse. The required bed heights again proved impossible to achieve. In 1834,
only three years after the foundation stone had been laid, and with the walls of the new building
about four to five metres in height, all the external stone was being supplied from the Anston
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area. The Anston quarries finally fulfilled one of the main criteria for the supply of stone, being
both of acceptable bed height and able to meet a supply rate which matched the planned speed
of construction.
Stone was transported from the site using horse-drawn wagons to the Chesterfield canal and
loaded into boats at Dog Kennel’s Wharfe after storage at Kiveton Park. (Richardson, 1999).
From there it was carried to West Stockwith to be transferred on to Trent sloops for the rest of
the two-week journey to the Humber and then down the North Sea coast to the Thames and
Westminster. Lott and Richardson (1997) highlight the ‘formidable’ scale of the operation as
400 imperial tons were carried by barge each month (approximately 4880 metric tons per
annum). Anston Stone was used in the whole building except ‘the upper part of the towers and
the front towards Abingdon Street’ (Elsden and Howe, 1923).
Soon after the building was completed signs of degradation started to appear on some of the
stonework. These problems were almost certainly a result of the demand for large quantities of
stone in relatively short time, compounded by the complexities of the formation of the of
magnesian limestone (Smith, 1995). While acceptable building stone is available, in a range of
bed heights, its quality can be variable and requires careful selection of appropriate material.
There were pressures to complete the building quickly and at minimum cost. Many of the
masons involved in constructing the building would have been unfamiliar with magnesian
limestone. A government select committee in 1861 reported that there were 17 beds in various
thicknesses from 1 ft to a few inches but that both the good quality Anston and the poorer were
‘worked indiscriminately’ with no supervision within the quarries and as a result “So little stone
was rejected at the quarries that almost the only waste was that derived from the cutting of the
blocks” following which “the stone was sent to London within a fortnight of quarrying, even
throughout the Winter” i.e. without seasoning to allow any weak material to fail before
processing (Elsden and Howe, 1923). The stone had not been marked to show the bed
orientation and thus much of the ashlars “were sur-bedded – an example of unpardonable
slackness” (Elsden and Howe, 1923).
Despite often repeated comments that the magnesian limestone was not suitable for use in the
polluted atmosphere of London, the majority of the stonework has survived extremely well.
The quality of properly selected Anston stone was demonstrated by Sir Henry de la Beche, the
first Director of the Geological Survey, who was involved in selecting the stone for the Palace
of Westminster, when he used it for the new Museum of Practical Geology on Jermyn Street.
Magnesian limestones have been used successfully in polluted atmospheres outside London; in
Mansfield and Doncaster for example. Petrographic and electron microscope studies have
shown that one reason for this durability may be the thin layer of crystalline gypsum which can
develop on the surface of the stone, protecting it from further reaction.

3 The Original Stone
The magnesian limestones were originally formed in a shallow near-shore environment, ranging
from sabkha muds to lagoonal oöidal banks, shell banks, patch reefs and detrital deposits. These
strata were petrographically variable even before dolomitisation which overwrites original
depositional fabrics. Thin beds of marl are not uncommon, and this clayey material is also
present as very thin films within some of the limestone. In terms of petrography, chemistry and
physical properties, a considerable range of stones exists as is evidenced by the colour and
texture of the stones in historic buildings from Nottingham to the Tyne. The fine-grained nature
of some of the stones and dolomitisation often make it impossible to identify the type and source
of stone purely from a visual study of the surface alone. There are probably as many different
types of magnesian limestone in the area from which the stone was sourced as there are different
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types of ordinary limestone in the UK.
In order to determine the types of stone which may be required for the conservation work in
the Courtyards, and elsewhere on the exterior of the Palace, it is first necessary to study and
sample all the stonework within the seven courtyards, aiming to identify the existence of
significant variations and, if they do exist, the number of stone types present and their
distribution. Although all the fabric is relatively contemporaneous, the problems encountered
with the supply of stone to the ‘New’ Houses of Parliament between 1839 and about 1852,
and possible modifications since that time, may well have resulted in individual elevations
utilising different building stones (Bolsover Moor, Mansfield Woodhouse, North Anston),
and all three magnesian limestones may conceivably be present in at least some of the
elevations.
Careful sampling of the fabric was therefore undertaken and 15 samples of magnesian
limestone were taken from locations in the Chancellor’s Court, The State Officers Court, The
Peer’s Court and The Star Chamber Court. A further piece of stone was provided, having
become detached at some point in the past. The original context of this stone was unknown
and was found to be Caen and not magnesian limestone (Yates, 2014; Palmer 2014) and is
not discussed further. The lack of supervision and selection throughout the process in an
attempt to finish the original work as speedily as possible and at minimum cost can be
witnessed upon survey of the fabric of the building. It appears likely that the most damaged
stonework involving the Anston stone is where softer material has been used for carved work,
where poor stone selection has allowed flawed stone to be inserted in the building and where
the stone has been incorrectly laid.
Petrographic analysis indicated that all the stones were originally detrital limestones formed
in a lagoonal environment which were heavily recrystallised during the dolomitisation
process. Three of the samples were relatively coarse-grained, the remainder finer grained, the
typical clast size being about 140 microns. The original sediment consisted largely of
spherical and sub-spherical particles, the exact nature of which cannot be determined due to
the effects of the recrystallisation. However, when considered in the context of the Permian
limestone elsewhere along its outcrop, these grains are most likely to be a mixture of rounded
intraclasts, shell and other fossil fragments, spherical algal bodies and coated grains as well
as true oöids. Some of the samples indicate that some of the shell and other fossil fragments
could have been quite large. Although the finer-grained matrix is largely amorphous due to
the dolomitisation, there are areas which suggest that algal mats may have been present.
Overall, the assemblage suggests a typical Permian shallow water reefal and lagoonal
environment, typical of the much of the Permian magnesian limestone outcrop.
There was no pattern in the use of the stone according to the study of the petrography and the
fabric from which the samples were obtained. This apparent mixing of stone types within the
fabric does have an advantage when conservation is undertaken. Due to the variation in the
fabric there is no requirement for the exact matching of petrographies when a stone is repaired
or replaced. Providing that the replacement material originated in a similar limestone facies
to the original stone, and the degree and type of dolomitisation together with its physical
characteristics, is similar, the most appropriate new stone for the location within the building
can probably be selected.

4 Locating Replacements
Given the importance of the building, very careful consideration must be paid to the potential
sources which most closely matched the fabric both visually and petrographically, and with
acceptable chemical characteristics (e.g. the concentrations of silica, magnesium and iron),
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similar porosity, permeability and compressive strengths, and of the same geological age.
Sources that most closely matched these were available from quarries not operating
commercially at the time of assessment. The type of dolomite fabric seen in the samples from
the Courtyards, and elsewhere on the exterior of the building, is typical of that found in the
area between Doncaster and Mansfield. However, the colour of the stone within this area can
vary between pure white and pale brown. Obtaining a good colour and texture match restricts
the search area for new stone to within about 20 kilometres of Anston.
All the magnesian limestone quarries within the target area were visited in order to determine
whether or not stone with the correct texture and colour was potentially available. This
included closed and mothballed quarries, as well as ones which were operating. Where it was
not possible to obtain permission for access to a quarry, the visual appearance of the stone,
and in particular its colour, bed height and jointing, was observed from the perimeter. Closer
analysis of the stone in such cases was obtained by studying exposures outside, but close to,
the quarry. Although there were a considerable number of quarries in the area in the second
half of the 19th century, very few now remain. The result of the field studies indicated that
Tarmac’s quarry at Harrycroft was potentially a suitable source of stone for the repairs and
conservation at the Palace of Westminster. Although not active at the time of the survey,
reserves of stone remained in a consented area. The quarry is now fully consented and
operational. The geology of the site is complex, with the rock being a mixture of patch reefs
separated by bedded lagoonal deposits. Structurally the stone is also variable, being cut by
faults and, more importantly, by joint features caused by differential compaction within and
round the perimeter of the individual reefs. The reef limestones are not suitable for use as a
building stone and any resource must therefore be extracted from the inter-reefal areas.
While the petrography of the material was consistent with that sampled from the palace, an
assessment of the durability of the magnesian limestone was required and sample blocks were
collected and tested by Sheffield Hallam University using an environmental chamber. At the
request of the architects and following Stage 1 of the work, a second stage used stone from
the commercially operating Cadeby Quarry.

5 Durability Assessment
For the first stage of work, four blocks of magnesian limestone were selected. These were
chosen in order to represent the variation within the non-biohermal beds at the quarry. The
bioherms, or patch reefs, have not been sampled since the stone is irregular and unbedded
and contains numerous joints and cracks, probably due to the irregular compaction suffered
after burial; it is not suitable for masonry use. The blocks were cut at the masonry yard at the
Dean and Chapter quarry at Lincoln Cathedral. All cut blocks were 350mm length, 200mm
depth and 200mm height. Block 1 was slightly variable and produced 14 blocks. Block 2 was
far more uniform and yielded 8, Block 3 was found to contain a number of vent features in
the stone and block 4 was very fractured and contained cavities and both were deemed
unacceptable. Block 5 was from a different quarry in the Warmsworth area which was also
under consideration at Phase 1 (should there be any problems with obtaining stone from
Anston). From each set (1,2 and 5) a total of three blocks were selected as representative for
inclusion in the first stage wall. Type-t thermocouples were embedded in one block of each
stone type to allow the monitoring of response to freezing and ensure that the conditions
required for damage were created, while working within realistic temperatures. A test wall
was built using 1:3 St Astier NHL 3.5 and coarse graded sand which has been used in
previous work and was found to be of suitable strength to prevent premature sacrificial
weathering of mortar (Laycock et al, 2008; Laycock, 2002). Panels were isolated from the
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surrounding chamber using polystyrene sheeting and were sealed to prevent water ingress
from above or around the sides of the panels (Figure 1). Chamber conditions were verified
by test run with the wall in situ to confirm thermal performance. Testing commenced as soon
as chamber conditions were confirmed. A study of data from the Meteorological Office
suggested that a moderate frost cycle should be utilised. Chamber temperatures were initially
set at -4 but the frost front did not penetrate deeply enough into the stone to initiate damage
(Laycock, 1997). It was therefore incrementally lowered when the panel was in situ in order
to ensure that the frost front passed through the block to a depth of 30mm and released during
the thaw cycle. This regime was found in previous work on the Magnesian Limestone to
cause damage. This resulted in a final cycle between +8 to -10ºC, cooling and warming at
0.45ºC/min, 2 minutes of simulated rain and 10 cycles per day. The chamber was maintained
at -10ºC for 14 minutes. A total of 300 freeze/thaw cycles were carried out. Phase 2 repeated
this regime with 9 blocks of Cadeby stone cut to the same sizes as before.

Figure 1. Test wall installed into climate chamber for frost testing.
1a. Exterior, prior to installation. 1b. Interior, after sealing.

5.1 Salt Resistance Test
Analogous stones from the fabric of the building were tested with a variety of salt solutions
identified from the literature as having significant deleterious impact. Samples are created
such that the salt solution is forced to evaporate through the faces of the exposed prism, thus
simulating conditions required to produce efflorescence and sub-florescence. The
experimental method for salt decay by capillary rise and evaporation was used by Scherer
(2004) and Lee and Kurtisb (2017). Salt concentrations were based on those used by other
authors (Table 1).
Table 1. Salts selected for resistance testing

Salt

Relevance to decay

Conc.

NaCl

commonly used as a de-icing salt, may be
present in older brickwork
Salt used in standard testing as known to
have highly deleterious effect.
Decay product from deterioration of
dolomite

5%

NaSO4
MgSO4

14%
35%

Examples of previous
work
Goudie (1986)
Lopez-Arce (2008) *
EN 12370
Benavente et al (2001)
Cardell et al (2008)

*used 5.3 wt.% NaCl
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6 Results
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Visual logging using the method reported in Laycock et al. (2008) of over 300 cycles of
simulated weathering confirms that the performance of the Cadeby stone and types 2 and 5
were of similar and low order of deterioration both in terms of area and extent (Figure 2a)
and severity of damage. Type 1 manifested significantly more severe damage, over a greater
areal extent. This is in direct contrast to the performance of Type 1 in the EN 12370 sulphate
crystallisation test (Figure 2b) in which types 2 and 5 demonstrated variable and poorer
performance. However, when compared to other samples of magnesian limestone building
stone tested in the same way indicate that all types tested in both phases of this work
demonstrated excellent resistance to deterioration. The material from Cadeby was found to
perform consistently well in all tests carried out.
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Figure 2. Comparison of the results (Phase 1 and 2). Left:2a) Freeze Thaw testing. Right:
2b) Sodium sulfate crystallisation test.

a)

b)

c)

Figure 3. Salt resistance. 2a Anston (type 1) after 120 hours NaCl; 2b Anston (type 1) after 120 hours after 22
days NaSO4; 2c Anston (type 1) after 30 days MgSO4

Results from the capillary rise and evaporation test included prisms of Clipsham stone, a nonmagnesian stone of good reputation previously used in repair interventions. In this test the
Clipsham showed noticable material loss from crystallisation of magnesium sulphate after 24
hours and sodium sulphate after 48 hours. In contrast the Cadeby and Anston stones were
affected to a much lower degree by these salts. All stone types tested in the 5% NaCl showed
low rates of material loss despite rapid evaporation and crystals tended to form as
efflorescence rather than sub-fluorescence. Magnesium sulphate solution caused no early
damage to the samples, however blistering of the Cadeby was noted in one prism by 120
hours. This test confirms that the Cadeby and Anston stones provided show good resistance
to decay by the development of salt crystallisation.
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7 Conclusion
The bulk of the original stone for Barry’s Palace of Westminster was obtained from quarries
at North Anston west of Worksop. Although some of the stone reportedly failed soon after its
inclusion in the building, this was almost certainly due to poor quality control during
extraction and shipping as well as during construction. This could be attributed demands for
a high quantity of stone required in a relatively short period and with a tight budget. This poor
project management is evidenced by the mixture of stone petrographies, a result of the distance
the stone had to be brought and the likelihood of mixing of stone from different extraction
areas at the loading wharf on the Chesterfield canal, again when being off-loaded and reloaded on to sea-going barges, and again when stockpiled at Westminster. This contrasts with
accepted good practice to select the appropriate stone for a specific location in the fabric at
the quarry. Furthermore, as stone was used and replaced with new stocks shipped in from
Anston, the range of various types of petrography would also vary with time. These problems
may well have contributed to the reported weathering of some of the stone soon after the
building was completed, potentially unsuitable stone being used on occasion for features such
as windows or copings.
Where used elsewhere, and with due diligence, magnesian limestone has had a perfectly
acceptable durability. There is no reason why the fabric should not be repaired with magnesian
limestone with due consideration to the factors outlined in the Technical Advice Note 2016
(Jefferson and Henry, 2016). While some authors have suggested to the contrary (Hunt, 2015),
it is completely unacceptable to repair such as building in this with a pure limestone, even one
of the highest quality (Jefferson, 2015). Fortunately, the use of the Clipsham stone introduced
into the Palace has largely been for the construction of extensions to the building in some of
the courtyards, in order to provide increased accommodation. Only a relatively small quantity
of the Lincolnshire limestone has actually been used for repairs to the Anston, and other,
magnesian limestones in the original fabric.
This work assessed sources of carefully selected magnesian limestone which was deemed to
be compatible with the original stone from South Yorkshire. In the large-scale frost testing
very little damage was observed to the stone. Where damage did occur during the frost testing
this was of a cosmetic nature rather than causing severe material loss. Salt crystallisation
testing also showed low levels of losses in standard and non-standard regimes. The Cadeby
stone is likely to decay eventually by surface blistering due to magnesium sulphate
crystallisation, but this is not anticipated for an extended interval. In conclusion both Anston
(Harrycroft) and the Cadeby magnesian limestone materials tested were found to be durable.
Both quarries contain variable stone, Cadeby has produced six different types of building
stone. If the stone tested is representative of the materials exploited from the quarries, then an
extended life span in use is suggested. The work highlights the difficulties in evaluation of
likely stone performance from a single test. By using a variety of methods, the differential
performance observed can be balanced. The results show that the magnesian limestone can be
expected to be durable, but that the natural variability of the stone is such that considerable
care must be exercised to ensure that the correct quality of stone is used. Durability is not the
only consideration when selecting a stone for conservation use; petrographic, permeability,
strength and colour after a period of weather are all important factors.
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Transport of Moisture and Chlorides into Sprayed Concrete
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Abstract. This contribution is a study of the durability and transport properties of sprayed concrete
used in an actual construction site. It considers whether concrete spraying can generate different
porosities as the thickness of the sprayed layer increases. The work consisted of a study of the
properties of the interior and exterior concrete layers with a particular focus on chloride penetration.
A few of the methodologies and techniques used are compressive strength at 28 days, depth of
penetration of water under pressure UNE EN 12390-8, boiled absorption and volume of permeable
voids ASTM C642, and accelerate chloride penetration NT BUILD 443. Calculated transport property
values included absorption (A) and volume of permeable voids (VPV), porosity interconnection, and
chloride diffusion coefficient (De). The conclusion obtained is that there are no significant differences
between the physical microstructural properties of the interior and exterior sprayed concrete layers,
they present a similar porosity, and behave in the same way under a chloride attack when test tubes
are completely saturated.
Keywords: Sprayed Concrete, Moisture Movement, Chloride Penetration, Chloride Diffusion
Coefficient, and Durability.

1 Introduction
Sprayed concrete is typically used in the construction and stabilization of tunnels,
underground structures, and other construction sites where the application of traditional castin-place concrete is particularly challenging (Wang et al., 2015). Unlike conventional
concrete, sprayed concrete has a short setting time as well as high mechanical properties due
to the incorporation of set accelerating additives (Austin et al., 2002; Galobardes, 2013). At
the same time, sprayed concrete presents more porosity than cast-in-place concrete, which can
affect its durability by making it more vulnerable to damages caused by moisture, chemicals,
and other external agents (Galobardes et al., 2014).
This study conducted a characterization of the physical, mechanic, and durability
properties of sprayed concrete with two goals in mind. The first is to determine if, when
studied by layers, sprayed concrete shows different transport properties depending on its
proximity or direct contact with the projected surface. The second is to study the impact of the
presence of chlorides introduced by moisture via the sprayed concrete’s transport mechanisms
to determine potential durability issues.

2 Methodology
This study was conducted with wet-mix sprayed concrete, using a CEM I 52.5 R,
water/cement ratio 0,35 and 450 kg /m3 of cement, a superplasticizer type
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MASTERCLENIUM SKY 554-BASF, and the accelerating additive MasterRoc SA 172
(which is non-alkaline and presents no alkalis or chlorides). Table 1 shows the dosage used in
the shotcrete.
Table 1. Sprayed concrete dosage.

Material

Cement
Water
Sand 1 (0/2mm)
Sand 2 (0/6mm)
Medium Ag. (4/12mm)
Superplasticizer
Accellerator

Quantity
(kg/m3)
450
155
750
485
435
4.5
38.2

Quantity
(%)
19.4
6.7
32.4
20.9
18.8
0.2
1.7

The wet mix concrete was sprayed on 4 mm-thick metallic test panels located at an
ongoing construction site, using 7-15 m3 air pressure per minute at a 90° angle, and
maintaining a 0.5 – 1.5m distance to ensure all samples would be sprayed with similar speed,
compaction, and adherence.
After the spraying, the mixes were transported to the Construction Materials Laboratory of
the Universitat Politècnica de Catalunya, and they were left outdoors for 28 days to simulate
the environment to which they would have been exposed at the construction site. After the
initial 28 days, the next step was to extract 7.5 cm diameter cores (cylindrical specimens)
from the test panels (Figure 1a) and divide each sample into two equal parts of 5 cm each,
which are called parts A and R (Figure 1b).
Part A is the first layer, which under real conditions would have been in contact with the
terrain. Part R is the second layer, which is adhered to the first layer and has a surface that
was used to simulate exposure to open air.
Three specimens of each type of sample (part A or part B) are used for density, water
penetration, suction test and compressive strength . Two specimens of each type of sample are
used for chloride penetration test.

Figure 1. Extraction of sprayed concrete specimens (a) and division of samples into part A and part B.
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2.1 Density, Absorption, and Porosity
These specimens did not undergo any special preparations to test for density, absorption, or
porosity. The test was conducted following the standard ASTM C642.
2.2 Moisture Penetration under Pressure
Epoxy paint was used to cover the lateral parts of the specimens, leaving only the two
opposite faces of the cylinder exposed to ensure that the moisture flow would be vertical and
ascending without lateral losses. This test used pressurized water under the surface of the
hardened sprayed concrete for 72 hours, applying a 500±50 kPa pressure, as foreseen under
norm UNE-EN-12390-8.
2.3 Capillary Cuction
The epoxy paint used to avoid moisture losses described above also prepared the specimens to
undergo the capillary suction tests, which were conducted under the standards of norm ASTM
C1585-04.
2.4 Chloride Determination
This test was based on the NT BUIL 443 method to determine the resistance of hardened
concrete to chloride penetration. The specimens used for this test also received epoxy paint
treatment to ensure the moisture would only flow in the desired direction and presented no
visible cavities or cracks. Each specimen was cut through the layers of A and R, to study the
penetration properties of each layer separately. Each sample tested was hence 50 mm high, in
pairs originated from the same original sample.
An aqueous NaCl solution was prepared with a concentration of 165 ± 1g NaCl per dm3,
which means that initially, the chloride concentration was 100,09 g Cl-/l ± 0,607 g Cl-/l. The
samples were afterward inserted into the NaCl solution and underwent the following steps:
- Three type-A samples and three type-R samples were extracted, originating from three
different specimens at 35, 60, and 90 days.
- After extracting the samples at 35 days, we replaced the aqueous solution with a new
one with identical characteristics to the one used initially.
- Each time the samples were extracted, we conducted proceedings to determine the
distance of penetration of the chlorides and the concentration of chlorides at each
depth.
The results from the chloride penetration tests are presented as the average of two A
samples and two R samples at 35, 60, and 90 days. This test did not consider the metallic test
panels from which each sample originated. However, samples A and R came from the same
specimen.
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2.5 Compressive Strength
The samples were cut and polished at their extremes to obtain a 2 – 1 relation on the
specimens that would be used to test the compressive strength, meaning that they were twice
as high as the diameter of the cylinder. The norm used for this test was UNE 83-302.

3 Results
3.1 Physical Properties
Concerning the physical properties of the samples, the test shows only slight differences
between the dry density and the apparent density. The average values of samples A and R are
practically the same (Figure 2).
2.80
Dry density (kg/m3)

Apparent density (kg/m3)

2.70
2.65
2.60
2.55
2.50

A
R
Speciment part

2.75
2.70
2.65
2.60

A
R
Speciment part

Figure 2. Apparent density and dry density of the samples.

Some differences were observed when it comes to the absorption capacity and porosity of
the samples. R-type samples presented more porosity than A-type samples, and in
consequence, a larger absorption capacity (Figure 3).
With regards to water penetration under pressure, we observed that there is a significant
porous interconnection in both type-A and type-R samples. Throughout the 3-days test,
moisture completely penetrated both samples.
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5.0
4.5
4.0

A
R
Speciment part

11.5
11.0
10.5

A
R
Speciment part

Figure 3. Absorption and porosity of the samples.

The capillary suction test confirmed the porous interconnectivity in both A and R samples,
reaching almost a saturation level of 100% (Figure 4a). The only significant difference
between the type-A and type-R samples performance is that during the first 6 hours of the test,
the maximum free absorption was higher on type-A samples (Figure 4b). Forced absorption
tests indicated that there were few isolated pores since, when dried, we observed very little
water filling those pores.

Figure 4. Capillary suction and drying of the samples (a). Capillary suction during the first 6 hours (b).

There is also no significant difference between the loss of water of samples A and R. This
confirms that the porosity structure of both samples is very similar, being capable of retaining
and losing the same quantity of moisture (Table 2).
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Table 2. Mass of water absorbed during the free and forced absorption test.

Speciment part
A
R

Total water
(g)
29.59
28.36

Free
absorption (%)
5.1 (94.6%)
4.8 (93.0%)

Forced
absorption (%)
5.4
5.2

3.2 Durability – Chloride Penetration
The test followed the directions of norm NT BUIL 443 to determine the chloride penetration
profiles for samples type-A and type-R at immersion ages 35, 60, and 90 days. Figure 5
shows that there are no significant differences between the profiles determined on both types
of samples at their different ages. The test shows that, as the exposure time increases, the
concentration of chlorides on the surface increases significantly between 35 and 60 days, but
from 60 to 90 days, the increase was not relevant.
It is important to notice that, according to the results of the penetration profiles, the
diffusion coefficient decreases as the exposure time increases. Using the square minimums
method as dictated by norm NT BUIL 443, the test determined the diffusion coefficients for
all cases and showed that the differences are not relevant. (Table 3).
Table 3. Chloride coefficient of the samples at different ages (x10-11m2/s).

Specimen part
A
R

35 days
4.55
5.14

60 days
3.55
2.42

90 days
1.97
2.26

Figure 5. Chloride profiles at 35, 60, and 90 days fo the samples.

This data indicates that an increase of exposure time does not imply a higher accumulation
of chlorides at the penetrated depths since, over time, the chloride ions in the solution
accumulate at the walls of the sample’s pores. The pores hence become progressively
saturated, slowing down the aqueous solution’s capacity of penetration.
3.3 Compressive Strength
For the mechanical tests, samples were obtained from three metallic test panels containing the
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same type of sprayed concrete. Samples originated from the different test panels presented
different results despite having used the same sprayed concrete at all of them (Table 4). This
can be due to differences in the aggregate distribution during the spraying of the concrete,
leading to differences in behavior. In order to verify the distribution of the aggregates in the
different samples, a visual analysis was performed. Figure 6 shows that the specimens
originated from test panel 2, the one where the aggregate distribution is most homogeneous,
presented higher compressive strength.
Table 4. Compressive strength at 28 days of different test panels (MPa).

Sample
C. S

Test Panel 1
41.7

Test Panel 2
51.2

Test Panel 3
44.3

Figure 6. Visual analysis of the distribution of aggregates in the samples.

4 Conclusions
The experimental work carried out in this study presents the following conclusions:
- The samples used for the density tests show slightly different behavior compared to
the ones used at the capillary suction tests. However, these differences are not
relevant.
- The distribution of aggregates in concrete generates a difference in the mechanical
properties of the different samples tested, but this difference does not show a
significant impact on the moisture or chloride transport properties.
- On a microstructural level, there are no significant physical differences between shot
concrete sample parts A and R. Both parts present a porosity network of similar
characteristics.
- The samples of sprayed concrete analyzed in this study presented larger pore
interconnectivity compared to regular concrete, which contributed to increase the
speed of diffusion of chlorides. This indicates that sprayed concrete could be more
vulnerable to chloride penetration than regular concrete.
- There are no noticeable performance differences in terms of chloride penetration
between the concrete parts which were exposed to the surface, and the layers exposed
to open air. Therefore, there is no proof that the chloride penetration is not
homogeneous throughout all the shot concrete layers.
- The high level of concordance of the results obtained from different tests indicates that
A and R behave similarly under a chloride attach when completely saturated.
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Abstract. The awareness of the environmental impact of buildings during their entire whole life cycle
has seen a growing interest in recent years. In fact, as buildings become more energy-efficient, life cycle
impacts become increasingly important. Investors in the building sector are becoming aware of the
direct and indirect benefits of a design process that enables the control of the impact of the building,
ensuring the higher quality, intrinsic value of materials under a circular economy point of view. The
durability is, together with reusability and recyclability, one of the main characteristics of construction
materials. In this framework, the purpose of this paper is to describe a BIM-based approach to life cycle
assessment (LCA) from the initial stages of the design of the Socrates Building in Viladecans. For this
scope, a digital model in the TCQi GMA software was created to assist in the evaluation, optimization,
and comparison of different design and construction alternatives. An integrated project delivery
contract was adopted. These aspects altogether showed the potential of increasing the real estate value
and the profitability of the building. This paper discusses problems that emerged during the digital
project management, assessing criticalities and opportunities.
Keywords: LCA, Circular Economy, Prefabricated Construction.

1 Introduction
The Socrates Building is a mixed-use building that allows to explore the challenges of a new
model of design and construction based on the circular economy. The building is located in
Viladecans Business Park, close to Barcelona, a new business development area dedicated to
emerging companies and new business models. The basis of achieving a building of circular
economy was to ensure that the building could adapt to a wide range of uses that span from
offices to tertiary. This goal was pursued with the following main directives: maximum spatial
flexibility, structural durability, material disassembling and traceability and comfortable and
healthy occupied spaces, followed an approach often only fully presented in theory (Berardi,
2015).
An industrialized and dry construction systemic approach was chosen as the best option to
respond effectively to life cycle strategies and to reduce the negative impact of the operational
phase and deconstruction phase. Construction materials were chosen according to their level of
traceability, fostering the use of Cradle to Cradle materials, and the commitment of the
contractor to select products with a material passport or Environmental Declaration of Product
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(EPD). The decision-making during the design process was supported with a Life Cycle
Assessment (LCA) developed with a digital BIM model and implemented with environmental
impact data of the BEDEC database.
An important part of the process was dedicated to conceiving a building with an increased
value during its operational phase, which is usually the highest impact in the life cycle
(Asdrubali et al., 2013). Therefore spaces were designed utilizing energy simulations to ensure
optimal lighting and thermal comfort (Bernstein, 2011), and to give a direct benefit to energy
conservation and a subsequent reduction in operating costs.
Another keystone in the design was to support direct access to nature and open spaces with
vegetation, natural ventilation and direct access to daylight and views. Each floor plan possesses
open space equipped with vegetation, irrigated with recovered rainwater. The LEED v.4
certification protocol was adopted to better structure all of the aspects related to sustainability,
this decision was taken in accordance with an analysis of the office buildings market in
Barcelona where the majority of buildings with environmental certifications have a higher real
estate value and higher rental potential (Eje Prime, 2018). A final practical aspect of the design
and construction phase was the implementation of an integrated delivery process (IDP) that
aligned every stakeholder towards the common goal of conceiving a circular economy building.

Figure 1. Type floor plan with interior subdivision schemes (left) and section (right) of the Socrates building.

2 Main Building Characteristics
The building comprises four levels: the first two stories are accessible to automated vehicles
whereas the upper floors are designed according to office criteria. Open common spaces are
provided on each floorplan and located to the core of the building, also serving as connection
and circulation zones. The rooftop hosts a common terrace partially covered with a green
substrate and an area dedicated to HVAC plant equipment and PV.
2.1 Construction Elements
Particular attention was dedicated to structural design as it is considered to be one of the most
influential components of the building, remaining practically unchanged through the whole life
cycle affecting its duration and the resulting building economy (Manganelli, 2014). The
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building is designed to be fully industrialized and assembled onsite. This process guarantees a
more effective construction process by reducing the construction time schedule, minimizing
onsite waste production, facilitating the traceability of each material and its revalorization at
the end of the lifecycle.
The structure is constructed from a prefabricated concrete frame composed of 0,60m x 0,80
m pillars that span the full height of the building as a single element without vertical interruption
in addition to horizontal beams with a section of 60 x 80 cm that connects to the vertical
structure. Pillars are distributed across a 10 x 10-meter grid, with a 100m2 free areas that
guarantee the highest spatial flexibility for any tertiary and light industrial use. Prefabricated
hollow-core slabs complete the horizontal enclosure and give structural stability to the frame.

Figure 2. Prefabricated structure during the construction phase of the Socrates building.

2.2 Envelope
The façades are composed of a sandwich panel with 8 cm of mineral wool, held by a steel frame
substructure and finished on the interior with plasterboard panels and an additional 4cm of
insulation. The Eastern and Southern façades are covered by metallic perforated panels that
leave sufficient space for natural ventilation and HVAC ducts and piping.

Figure 3. 3D of the façade (left), façade section (center) and construction phase (right) of the Socrates building.
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All the horizontal enclosures in contact with occupied spaces present a waterproof layer
covered by 10 cm of XPS thermal insulation. The roof garden consists of an industrialized green
roof, modular elements that include the irrigation system. The remainder of the roof and terraces
are covered with concrete floor tiles. Interior spaces are left without any additional finishing.
2.3 Mechanical, Electrical, and Plumbing
The HVAC system, linked with a geothermal heat pump of 303 kW, acts as the primary system
and covers 80% of the demand for heating and cooling power. A water to air heat pump of
316kW supports the system during peak demand. The installation of 45 kWp of PV panels is
estimated to produce 60.000 kWh, covering 38% of the expected energy consumption. The
distribution systems run along the façade, connecting to the ventilation system of each interior
space. This configuration was chosen to facilitate ease of maintenance and to improve internal
spatial flexibility, offering multiple options of connection to services externally with no
implication to the interior spaces.

3 Methodology
3.1 Application of an Integrated Process for the Building Life Cycle
Energy simulations with Energy plus were performed to optimize the building envelope for the
thermal comfort. Daylight analysis determined the volumetric and spatial definition of the
building, assisting with the interior design considerations that according to a different range of
options in favor of maximum spatial flexibility. At the same time, an LCA was performed with
the digital BIM model of the architectural proposal, then integrated with a personalized database
of construction products, based on BEDEC (BEDEC), the Catalan online database of
construction products with technical details, costs, and environmental information. The whole
process took place within the TCQi-GMA software (TCQi-GMA).
3.1.1 Software TCQi-GMA, its development, and LCA
The TCQi-GMA (TCQi) is used for life cycle assessment and other applications of construction
projects developed by IteC. It is based on TCQ2000 (TCQ), a software developer for the
construction sector, formed by a set of applications to support the activities of the edition,
contracting, planning and control of projects and construction sites. It includes indicators on
time, cost, quality, security, waste generation and embodied energy. A specific methodology is
used to calculate the environmental data, similar to the one used in eco-labels type III. The
categorization of products and services for the construction sector, as defined by the European
standard EN 15804 (EN 15804), is applied. Materials durability, joints disassemblability, and
material positioning within a layer play a vital role in the process.
3.1.2

Application of the process in the Socrates building

The inputs for the LCA of the Socrates building were:
• The budget of the project in Excel, created by the construction contractor and;
• A set of 3D models converted to .IFC file format from various 3D modeling software.
The 3D models provided consisted of b1) a foundations model, b2) a structural model,
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created in Tecla by the provider of prefabricated structure b3) an HVAC model provided
by the installation engineer, and of b4) an architectural model produced by the
architects.
Eight chapters of LCA were defined for the project: demolition & groundworks, foundations,
structure, building services, civil works, rainwater storage system, private urbanization,
elevators, and extra modifications.
Each chapter was assigned a construction system as defined in the BEDEC database and
given a specific code associated with detailed information about its construction process and
the cost. During the next phase, the IFC models are associated with the TCQ2000 structure.
Each of the four 3D models is integrated within the software. The different components were
then manually selected and associated with the corresponding chapters of the created structure.
The unit to import the BOQ is selected, and the BOQ is imported to the TCQ2000 structure.
Some of the elements presented in the original budget file did not have representation in the 3D
model, therefore the BOQ data comes from various sources: a) from the 3D model; b) from the
Excel file, and c) calculated manually when incomplete in both inputs. Once the digital model
has been defined, the LCA is performed, using the TCQi-GMA software. When uploading the
structure from the TCQ2000 to TCQi, the software analyses the provided data and evaluates
how complete the environmental data is, as defined by the structure.
In the Socrates Building, the information related to the waste generation is 100% complete,
while the information referring to Energy and CO2 generation is missing in 9.09% (Gris and
Alfaro, 2019). In order to complete the information, the incomplete chapters can be adapted,
assimilated or completed manually. The last source is to integrate data coming from the material
supplier, such as volume, mass, LoW (2014/955/EU) code, embodied energy and associated
CO2 emission. Once all the data has been completed, the environmental impact of the
construction phase is determined. Finally, the TCQi-GMA software allows the integration of
data about the use phase, as well as the end-of-life phase, based on the existing database, as
well as maintenance manuals, when specific information is not available.

4 Results
As a result of the implementation of energy simulation during the design process, the maximum
depth of the volumes on the 2nd and 3rd floors was set to 10 meters, ensuring a 10-meter patio
to the core. This strategically allowed openings towards an interior zone with better acoustic
conditions. This choice guaranteed at least 2% of Daylight Factor (DF) across 75% of working
areas and an efficient level of natural ventilation. The overall energy consumption of the
proposal is reduced by 40% compared to the corresponding baseline model designed according
to ASHRAE 90.1.
Concerning the LCA, detailed data related to the product, construction, use, and end of life
phases have been studied. 8 chapters of the construction work divided into earth movement,
foundations, structure, civil works, rainwater storage, private urbanization, elevators, and extra
modifications. The BEDEC database was used for product and construction phases.
Relationship with use and end of life future phases has been created, but not completed due to
lack of information. At the current stage, the total LCA information for the foundations and
structure phases has been created (Fig. 4).
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The overall results considering the product and construction phase show the largest impact
during the product phase (2.453.247 kg CO2 eq). The construction phase impact is low (448.129
kg CO2 eq). In the product phase the impact is distributed mostly between the foundations
(542.000 kg CO2 eq,), structure (846.885 kg CO2 eq,) and civil works (883.000 kg CO2 eq,).
The civil works contain all the non-load bearing elements of the building envelope, interior
partitions, and finishing. The rest of the construction categories in total count less than 181.000
kg CO2 eq. The prefabricated concrete structure causes the largest impact during the
construction phase, with 409.028 kg CO2 eq compared to the second-largest impact by the earth
moving with 25.000 kg CO2 eq.
To achieve the total LCA, relations are being created between the different work items and
the future items of works during the use phase and end of life phase. This process requires an
important time dedication because each item that defines the construction work needs several
works items to calculate the future impact. However, once the relationship has been created, it
can be applied or adapted for future use in another project, becoming part of the company’s
own knowledge and future business. Unlike other LCA software that performs generic
calculations in different scenarios, the methodology used in this paper identifies each material
and associated construction processes, creating relationships reflecting the real construction
work in detail, in order to conduct in-depth analysis, introduce the disassembly capacity or the
material passport identification.

Figure 4 Global Warming potential in kg CO2 eq: Product phase (left), and Construction phase (right).

Finally, in the Socrates Building, 88% of the construction materials have been identified and
defined for its recyclability at the end of life, amounting to 7.800 tons. Moreover, 84%,
accounted for its weight has a Cradle-2-Cradle certificate. The design and construction process
has guaranteed a minimum waste production calculated for 25 tons of waste material, including
excavation consisting of only 4 kg of waste per square meter of construction: 100% of this
waste can be traced by a waste management protocol and 99,3 % is re-valorized.

5 Discussion and Conclusions
The new Socrates Building close to Barcelona was designed to be an example of the integration
of circular economy in the construction sector. This experience has outlined some criticalities
and opportunities, as discussed here.
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As a first consideration, it is worth highlighting the importance of an integrative process
during design and construction. The integration of all the stakeholders with an IDP was
beneficial for technical and construction decisions, giving the opportunity to incorporate
synergy to the whole value chain, allowing constant control on cost and quality. However, the
IDP contract was introduced just before the construction works, causing initial maladjustment
that produced an increase in technical costs. This could have been avoided by including this
strategy from the start of the design phase.
As a general consideration of the circular economy, the Socrates Building is presented as a
dynamic system of parts and functions attached to specific uses that can vary during its life
cycle. The concept of the circular economy includes not only the life cycle of construction
material but also the operational phase and the increased value derived from spatial flexibility,
the health and comfort of occupants that can give greater performance, energy and economic
savings during use and maintenance. This aspect is crucial for the generation of a different
business model for tertiary buildings, moving the focus from only the environmental impact to
include the quality of the service and the sub-sequential impact on occupant satisfaction and
employee retention. In fact, employee cost is usually estimated to reach up to 90% of building
cost (Attema et al., 2018) and every improvement under this aspect can have much higher
savings if properly quantified.
Concerning the lifecycle analysis, data availability is an important issue in the construction
sector. In the Socrates project it was enhanced, as most of the products were Cradle-2-Cradle
certified or had the Environmental Product Declaration (EPD). However, one of the main
barriers in applying the LCA methodology in the design process is the lack of precise and
consolidated data, especially considering the environmental impact of specific construction
systems in the use phase. The availability of information about maintenance, repair,
replacement, and refurbishment plays an important role in the development of this
methodology. In order to overcome this barrier, ITeC is currently working on enabling the
BEDEC users to create their own online database of construction systems, using the elements
available in the existing database. The users will be able to share their database with one another
and integrate them into their TCQi Software for LCA. This offers more flexibility in the
exchange of information and in the acquisition of information for specifications, planning and
construction tracking. Furthermore, with the increasing implementation of big data analysis and
artificial intelligence, the statistical data will allow us to determine the most appropriate systems
and installation methods for any geographical orientation or location, as well as being able to
determine product needs or the capacity for growth based on existing resources in a specific
area.
In order to consider the environmental impact of the construction beyond the system
boundary, the reuse, recovery and recycling potential has to be considered in the life cycle
assessment. Another issue identified in the process was the interoperability of software and the
diverse needs of the LCA methodology on how to create the 3D model of the building.
Finally, the Socrates Building can be considered as one of the first real case studies for the
integration of circular economy in the building sector. The next step required for a business
model of the circular economy will be to consider each component of the life cycle in terms of
intrinsic economic value in the real estate market so that buildings will increase its value beyond
standard indicators and so enhancing the interest in sustainable buildings.
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Abstract. The article presents the first results of the project under the title: ‘Development of 3D printing
technology for construction and facade prefabricated elements made of concrete composites and
geopolymers’, grant no. POIR.04.01.04-00-0096/18, funded by the National Centre for Research and
Development in Poland, within the framework of programme: ‘Smart Growth Operational Programme
2014-2020, IV Increasing the research potential, 4.1.4: ‘Application projects’. The main aim of the
project is design and development of the innovative large-format printer using geopolymers for 3D
printing for residential houses. It allows the development of a technology for the production of a
universal residential building, with a construction that is easy to transport and fast to assemble, as well
as with the possibility of simple and quick expansion depending on the needs of users. The article shows
the main idea of the advanced large format 3D printing for geopolymers with using an ergonomic
printing method as well as materials research in modern filaments in the form of geopolymers.
Keywords: Geopolymer, 3D Printing, Additive Manufacturing, Large-Format 3D Printer,
3D Printing in Civil Engineering.

1 Introduction
Additive Manufacturing is a rapidly developing industrial sector and potentially a disruptive
technology. It can provide new horizons in the construction sector, especially in terms of
geometrical flexibility, reduction of labour costs, improvement of efficiency and safety,
construction in harsh environments, and sustainability (Nematollahi et al., 2019; Labonnote et
al., 2016; Panda and Tan, 2019; Soltan and Li, 2018). Unfortunately, the full exploitation of 3D
printing processes is currently limited due to the in-process and in-service performance of the
available materials’ sets, especially in application in construction industry.
Nowadays, the using geopolymers for 3D printing in the large-format printer is a great
challenge. It offers a new perspectives for the construction industry, but the development of this
technology is slowed down by a lot of barriers. The article shows the possibility of development
the 3D printing. The main idea of development the advanced large format 3D printing for
geopolymers is using an ergonomic printing method as well as materials research in modern
filaments in the form of geopolymers. The article is focused on problems that appear during the
first trials of development 3D printing technology.
The first research were connected with basic properties of the materials – key factors of
effectiveness 3D printing process, such as: viscosity and time of bonding (Labonnote et al.,
2016; Rahul et al., 2019). This basic properties are related with the thixotropic, and allow to
understood as high yield strength and low viscosity behavior of the materials, including
(Labonnote et al., 2016; Panda and Tan, 2019):
- pumpability - reliability with which material is moved through the delivery system,
- extrudability - depositing material through a deposition device,
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-

buildability - resistance of wet material to deformation under loads,
and open time - period during which the aforementioned properties remain consistently
within acceptable tolerance.
The basic challenge in 3D printing is received the material that is sufficiently fluid and at
the same time has sufficient viscosity to retain its shape after the printing process (Panda and
Tan, 2019; Panda et al., 2018). Moreover, not only the material properties decided about the
possibilities of effective process. The other elements associated with technology are also
important. All of this factors happen that there is only a limited understanding of the material
requirements for 3D printing technology (Labonnote et al., 2016; Rahul et al., 2019).

2 Materials
The samples for small scale prototyping were prepared with metakaolin with pigment addition.
The samples for large scale were prepared as geopolymer concrete, based on:
- metakaolin and sand (ratio: 1:1),
- fly ash and sand (ratio: 1:1).
Both raw material, fly ash as well as metakaolin, were thoroughly investigated as a possible
raw material for the production of the geopolymers. The chemical composition was determined
by X-ray fluorescence (WD-XRF). They oxide composition is shown in Table 1.
Table 1. Oxide composition of fly ash and metakaolin.
Oxide composition (wt.%)
SiO2

TiO2

Fe2O3

Al2O3

CaO

MgO

K2O

Na2O

Fly ash

55,9

1,09

5,92

23,49

2,72

2,61

3,55

0,59

Metakaolin

53,01

0,74

1,34

41,54

0,27

0,38

0,71

0,82

Geopolymers were made from fly ash from the metakaolin or fly ash and sand in ratio 1:1.
The fly ash was delivered from the bituminous coal power plant ‘Skawina’. This power plant
is located in Skawina in Lesser Poland region on the south of Poland. The fly ash is obtained
as combustion by-product through the electrostatic precipitation of fine particles from the
exhaust gases from coal-fired furnaces. The chemical composition of this fly ash is relevant for
the geopolymerization process – it is typical for class F (Łach et al., 2016). The detailed oxide
composition is presented in Table1. This raw material contains less than 5% of unburned
material and less than 10% of iron compounds. Additionally it has low amount calcium
compounds. The amount of the reactive silica in the material is ca. 36%. Moreover, it has
physical parameters relevant to geopolymers manufacturing, especially it contains a lot of
spherical particles and has good workability (Łach et al., 2018) as well as large amount of
amorphous phase (Łach et al., 2016). The process of activation has been made by 10M sodium
hydroxide solution combined with the sodium silicate solution (the ratio of liquid glass - 1:2.5).

3 3D Printing of Small Scale Elements
Samples were prepared using sodium promoter for activation the metakaolin with some
pigment addition. The trials has been made on the laboratory 3D printer for concrete – WASP
2040 with pneumatic feeder.
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The samples some multilayers plate have been prepared using 3D printing method – Figure
1. The printed samples were characterized by different quality.

Figure 1. Page layout.

The most important problem was viscosity of the material. In the first trials the material was
too solid and the process was impossible to print effectively (Figure 2b), but the layers in this
case were created effectively. The samples had ratio between liquid and solid parts: c/s = 0.25.
Because of the lack of possibility of printing the viscosity was regulated by ethanol addition.
After receiving the required viscosity the main challenge was layer stability. The samples had
ratio between liquid and solid parts: c/s = 0.3. This materials were very easy to printability, but
the main problems was connected with lack of proper stiffness of the layers (Figure 2a), because
of that the product loss they shape.

Figure 2. Samples after 3D printing with different liquid/solid ratio a) 0.3, b) 0.25.

The ratio between c/s required modification, but main problem is too long period for
receiving the proper stiffness it must be analyzing once again and modify by proper addition
on introducing some factors that accelerate the bonding such as additional sources of
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temperature (Bong et al., 2019; Nematollahi et al., 2019).
The other challenge was brittle material behavior after the curing time and cracking during
the drying process (Figure 3).

Figure 3. Samples after drying with visible cracks.

The problem of the cracks required introducing the additives to the geopolymer. It could be
for example fibers addition that reduced the brittle material behavior (Korniejenko et al., 2018;
Nematollahi et al., 2018; Silva et al., 2020).

4 3D Printing for Large-Scale Elements – Manual Prototype for 3D
Printing Process
The other trials was performed on large scale samples made on the self-produced manual 3D
printing machine (Figure 4). The construction given material using a rotating screw (own design
for determining the optimal consistency and speed of material reproduction).
The samples were prepared using metakaolin and fly ash mixed with sand in ratio 1:1.

Figure 4. Self- produced manual 3D printing machine.
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The trials were conducted on the large form with using different ratio liquid and solid parts
– Figure 5.

Figure 5. Samples after 3D printing with different liquid/solid ratio a) 0.3, b) 0.25.

The achieved results did not fulfil the requirements. The samples produced with different
kind of ratio were too liquid to application for building elements. The material need further
modification.

5 Conclusions
The article is focused on problems that appear during the first trials of development 3D printing
technology, especially materials issues. It shows similar problems that appeared for small and
large scale elements as well as for different raw materials used. The most important problem
was viscosity the material. It was regulated by ratio between liquid and solid parts and additives
such as ethanol. This problem was partly solved, but after receiving the required viscosity the
main challenge was layer stability. There are planned further work on material stabilization.
The other challenge was brittle material behavior after the curing time and cracking during
the drying process. The solving of this challenge required further works, especially connecting
with design of proper curing process.
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Abstract. Temperature and humidity measurements provide useful information on multiple
areas of civil engineering application such as Structural Health Monitoring (SHM),
Structural System Identification (SSI) and structures rehabilitation. Majority of the existing
commercial systems are so costly and also these measurement paradigms need many
reference spots for a full-scale structure. The aforesaid paradigms are based on collecting
data through smart devices, transferring information to each other and in the final stage
processing the obtained information collaboratively through cloud computing or the others
technologies. Taking into account the above information and obstacles, utilizing the Open
Source Platforms (OSP) microcontrollers like Arduino as well as low cost sensors are
attracting more and more attention. This paper gives a comprehensive information about the
most determinant aspects of the aforementioned kits in terms of their pros and cons,
installation procedure, communication protocol, number of the required connections and
specific characteristics of the data acquisition system.
Keywords: Thermal Analysis, Low-Cost Sensors, Building Information Modeling, Open Source
platforms, Structural Health Monitoring.

1 Introduction
Climate change has drastically affected crops, wildlife and people’s livelihoods. One of the
main elements that can prevent this tragedy is to lessen the energy consumption since this
incident could also be caused by burning of the fossil fuels for the human needs. In this way,
one of the most efficient solution is to control the waste of energy in the buildings and public
places. The development of economically viable Building Information Modelling (BIM)
using different software and hardware has become increasingly popular in recent years. An
economic Arduino-based embedded system can be defined as combination of Arduino open
source platform and low-cost environmental sensors. Studies of the Arduino-based as well as
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BIM-based controlling systems in different engineering fields were conducted by many
scholars.
Barroca et al., (2013) have designed and Arduino-based controlling system for concrete
structures. They have prepared thermal and temperature sensors inside the concrete in order to
measure temperature and humidity of the concrete at different levels. Different low-cost
particle sensors were assessed by calibration methods adapted from the US EPA 2013 Air
Sensor Workshop recommendations. The six different elements of the examinations were
linearity response, precision of measurements, limit of detection, dependence on particle
composition, dependence on particle size, relative humidity and temperature influences
(Wang et al., 2015). Bamodu et al., (2017) have used various types of humidity and
temperature low cost sensors such as LM35 and DHT11 in order to control the indoor
environment parameters of the buildings, heating, Ventilation, Air-Conditioning (HVACs).
Monitoring ventilation as well as thermal/humidity comfort level of the public places are
vital issues since variation of the mentioned parameters might occur in different spaces. For
instance, these variations may affect energy consumption and health of passengers in the
subway. Marzouk and Abdelaty (2014) stablished Wireless Sensor Network (WSN) and BIMbased model in order to be able to monitor thermal condition in the different places of a
subway. Kim et al. (2015) presented the development of Modelica Llibrry for BIM-based
building energy simulation using an Object-Oriented Physical Modeling (OOPM) approach
and Modelica, an equation-based OOPM language. Using the ModelicaBIM library they have
prepared system interfaces between BIM and energy simulation, aiming to stablish semiautomatic translation from BIM to building Energy Modeling (BEM). Garcia and KamsuFoguem (2019) presented a new approach for automation of building construction when
dealing with the energy efficiency for the purpose of predicting comfort levels elements such
as heating, ventilating, air conditioning and etc. moreover they stablish BIM for thermal
performance of prefabricated construction system (Mobaraki et al., 2018).
As is evident from the aforementioned studies, the advantage of using the low-cost sensors
for establishment of BIM in thermal performance of different structures has already proven.
Along with the undertaken studies, it has to be mentioned that the accuracy of the low-cost
sensors is a decisive parameter in reliability of the BIM. Therefore, in the section 2 of this
article, a comprehensive information about the Arduino mechanism, types of smart
connections and types of low-cost sensors will be presented. In the third section a detail
explanation related to the performed experiments in terms of performance of low-cost sensors
DHT22 will be explained.

2 Arduino Sensors
Arduino UNO is an open source software/hardware for making interactive electronic objects.
The physical programable part is of 6.8 cm * 5.3 cm board which has 14 digital input/output
pins, 6 analog inputs, 5 power pins (VIN, 5V, 3.3V and GND) with different performances, a
16 MHz crystal oscillator, a USB connection for compiling the data as well as using power
supplied form the laptop/computer, a DC power jack (7 – 12V), a reset button for restarting
the program/Arduino from the beginning and some small parts (Garin et al., 2018). For
talking to the sensors through Arduino as well as programing the board through compiling the
sketches the open- source Arduino Integrated Development Environment (IDE) software has
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been presented (Philips, 2019). This cross-platform application has written in Java, C and C++
and is compatible with all Windows, MacOS and Linux. The Arduino environment is
extendable by utilizing the libraries. These libraries have written in C/ C++ and they increase
functionality of the sketches for working with hardware as well as manipulating data. One of
the main capabilities of microcontroller is to read sensors and capture the values. In other
words, it can be express that sensors are sort of objects, capable of converting physical
quantity (like temperature or humidity) into an electrical quantity. For measuring different
parameters through Arduino various types of sensors exist. For instance, temperature, motion,
humidity, vibration, displacement, pressure and etc. these measurements might be done for
several purposes such as smartening systems of metering, retail, logistic, agriculture and
security. For the connection of a sensor to the Arduino and observing the measured
parameters, sensor’s library which defines a canonical set of predefined sensors and control
ability, should be used. The Arduino’s sensors are categorized as digitals and analogs. Analog
sensors observe the external changes such as temperature and humidity variations and yield
analog voltage that represents the measured parameter. For instance, 2V might mean 23
degrees Fahrenheit. Normally this output voltage is between 0 to 5V. Analog signals might be
influenced by the ambient noise which leads to produce errors in the output signals. However,
the digital sensors generate discrete values like 0 and 1 which are so called digital/binary
signals. They have lower range of calculation than the analog ones. Therefore, the analog
sensors are more appropriate for wide range of measurements. As far as the analog outputs are
liable to change rapidly and unpredictably, digital sensors are preferred over the analog ones.

3 Arduino-Based Thermal Controlling System
Temperature and humidity are one of the decisive factors measured in many projects. In order
to evaluate the accuracy of the low-cost temperature sensors, it was decided to stablish an
Arduino-based thermal controlling system. This system is going to measure variation of the
temperature in an oven located in Universidad de Castilla-La Mancha (UCLM). The Arduinobased thermal measurement system is depicted in Fig.1.
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Figure 1. The Arduino-based thermal measurement system.

3.1 Hardware Description
Fig.2 shows all the used particles for establishment of this measurement system Arduino
UNO, DHT22 sensor, breadboard and SD Card/Reader. The proposed system is based on the
open source Arduino UNO platform and low-cost temperature/humidity sensor DHT22. The
operating temperature of this sensor is between -40° C to 80° C with accuracy of 0.5° C. It is
also capable of measuring humidity from 0-100% with resolution of 0.01 and accuracy of 25% RH. DHT22 sensor was chosen since it is one of the most employed and common lowcost humidity and temperature sensors in the engineering and environmental projects. The
communication system of the sensor is a custom protocol which use a single wire/bus
communication. Fig.2 illustrates the utilized oven for measuring the DHT22 accuracy
(Sensor, 2019).

Figure 2. The utilized oven SELECTA-2001244 for the experiment.
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3.2 Comparative Sensors Result
To estimate the responses of DHT22 sensor as well as their precision, variation of the
temperature versus time related to the 4 sensors shown in the Fig.3. The sensors adjusted to
record the temperature with frequency of 2 seconds. All of them have been registered to
measure the temperature inside an oven in the laboratory of Universidad de Castilla-La
Mancha (UCLM). Model of the oven is SELECTA-2001244, Capable of changing
temperature from 10° C to 250° C with precision of 2% and resolution of 1° C. In order to
figure out the precision of the sensors, the oven adjusted to reach to the temperature of 30° C
and keep working for period of time. As shown in the Fig.3, variation of the temperature has
been divided to two parts. The first part shows variation of the temperature for reaching to
the adjusted temperature and the second part depicts behavior of the sensors at the fixed
temperature of 30° C. In the second part the sensor number 1, number 2, number 3 and
number 4 are showing constantly the temperature of 29.6° C, 29.4° C, 29.4° C and 29.6° C
respectively. These observations indicate the discrepancy between the low-cost sensor DHT22
for recording the homogenous temperature in the oven. It has to be mentioned that in our
measurements not only we are facing with error of the sensors, but also the oven has its own
range of error, 2%, as mentioned in the above.
32
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Figure. 3. Variation of the temperature related to the four DHT22 sensors.

By this graph it is clearly visible that the accuracy tolerance of the temperature sensor
DHT22 is around 0.5° C. The obtained range of accuracy is almost as equal as the one
indicated by the manufacturer in the DHT22 datasheet, 0.5° C (Zarnik and Papa, 2019). Low
cost environmental sensors are so useful for determining the thermal parameters of buildings
(Mobaraki and vaghefi, 2018). Moreover, they are applicable for determining characteristic of
structures and inferring variation humidity and temperature of concrete during the
construction procedure (Mobaraki et al., 2020).
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In order to have better recognition of the sensors’ accuracy it is better to have a statistic
view on the obtained results. In statistic standard deviation is defined as amount of dispersion
of a data set. In this criterion, a low range of standard deviation shows that the values are
tending to get close to the average/mean of the dataset however, the high range of that
demonstrate that the set of data are dispersed and has a wider range. It can be seen from Fig. 4
that the derived standard deviation related to the four sensors vary from 0.04 to 0.13 which
shows a good performance trend. These 1000 measured point are belong to the second part of
the measurement when the homogenous temperature of 30° C starts in the oven.

Standard Deviation of the obtained
temperatures
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200

400

600

800

1000

Number of observations
Figure 4. Variation of the standard deviation related to the 1000 measurements of temperature.

Fig.5 shows dispersion of standard deviation (in the case humidity) calculated for the four
sensors by 1000 measurements at the third step of Fig. 5. Standard deviation is always
positive number. Majority of the observations were extended above 1.25 close to 1.3
(1.25≤Standard deviation ≤1.3). A low range of standard deviation same as Fig.4 (related to
temperature) shows that the observations tend to be close to the average temperature, however
the higher one presents (Fig. 7) the wider range of observations discrepancy (Mobaraki and
Vaghefi, 2016).
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Figure 5. Variation of the standard deviation related to the 1000 measurements of humidity.

4 Conclusion
Low-cost environmental sensors are so practical in building rehabilitation projects for
enhancing thermal resistance of buildings. Evaluation the accuracy of the low-cost
temperature/humidity sensors through an Arduino-based system has been done for the
environment sensor DHT22. Four sensors have hooked up to the digital ports 2, 3, 4 and 5 of
the Arduino and variation of temperature and humidity related to the oven SELECTA were
presented in this article. Lower range of standard deviation acquired for the temperature data
set (0.04≤Standard deviation ≤0.13) rather than humidity (1.15≤Standard deviation ≤1.33).
Which means that the sensor DHT22 is more accurate in terms of measuring temperature
rather than humidity. From the obtained results it is clearly visible that the range of accuracy
or in the other word the precision of the temperature sensor DHT22 is around 0.5° C which is
almost equal to the one mentioned in the DHT22 datasheet, 0.5° C.
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Abstract. In the unavoidable way to achieve more sustainable buildings, it is essential to provide the

architects with data on the environmental impact and the durability of the different components of the
building, and make it available in the format they are using in the design phase. In this regard, the use
of the building information modelling (BIM) tools has arisen as a new trend in the construction industry
to improve the sustainable assessments of buildings in the design phase. In order to improve an existing
tool developed by the Valencian Institute of Building in cooperation with the Valencian Regional
Government, on providing the characteristics of the most common construction elements within a BIMbased environment, a database of durability and environmental impact data of construction elements
and materials has been developed for integration within the tool. The reference service lives database
has been created from a multicriteria study consisting in the analysis of sixty service life data bases
published in recent decades. The work developed allows the architects working in Spain to have the
durability required data of the construction elements from the design phase, for the integration and
information exchange within a BIM-based environment to be able to use the existing BIM-based
LCA/LCC.
Keywords: BIM-Based Software, Durability, Life Expectancy, Cost, Maintenance.

1 Context
As it is considered to be a basic industry, the construction sector in Spain is one of the major
sources of economic growth and development. So far, the most extended strategy among the
construction companies applied to improve the efficiency and become more competitive has
been to decrease the buildings construction costs without taking into account the life cycle of
buildings. Trying to lower the initial construction costs had a negative impact on the quality of
its processes and materials.
In this context, voices are being raised in the academic field that demand a change in the
production model of the construction sector proposing solutions taking into account the whole
life cycle of the building and the impact it has on the environment. The economic assessment
of estate projects beyond the construction phase becomes an essential tool for cost optimization,
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allowing realistic comparison between different investment options (García-Erviti, ArmengotParadinas, and Ramírez-Pacheco, 2015).
The science of life cycle cost analysis is a fundamental tool to make changes in the Spanish
construction sector. That is the reason why it is necessary to provide the stakeholders of the
sector with the necessary tools to modify the decisions in the design stage based on the global
cost. As an agent of the construction sector, The Valencian Institute of Building seeks to help
technicians to apply the life cycle cost methodologies during the design phase by providing
them with tools and data.
The Valencian Institute of Building (IVE), as a public interest incorporated foundation in
the construction sector subjected to private law, constituted in 1986, promoted by the Second
Vice Presidency of the Valencian Government and Regional Ministry of Housing and
Bioclimatic Architecture and directed by a board committee, brings together a collective of
professionals involved in the building and urban process. Its main interests, among others, lie
in improving the processes linked to the edification and urban space, encouraging research and
enhancing life quality, sustainability, safety, accessibility and durability standards through the
smart development in the built environment.

2 Objective
During the last decades there has been rising concerns about the service life in terms of stability,
safe functioning and appearance of the constructions already built and the ones to be built. The
problem is not only to make the buildings and products last longer, which can be advantageous
from the point of view of the scarcity of resources (MIT CSHub Cambridge, s.f.), but to know
the reference service life of the systems mostly used (and therefore their global cost) to take
knowledge based decisions.
The final purpose of the research is not to find out how to increase the durability of the
products and systems, but to compile the maximum quantity of durability data available in order
to have the ability to compare different constructive solutions. For this purpose, a reference
service life database has been developed, not from tests, but from an analysis of different
existing worldwide databases.
The developed database is due to be included in a BIM-based computer software so that
architects and construction professionals can use it to predict how much their buildings will last
and how much they will have cost at the end of their service life.

3 Methodology: Multiple-Criteria Decision-Making
Obtaining reliable data regarding the durability of building materials and systems was one of
the difficulties in achieving the final goal. Instead of selecting a specific database, it was
decided to rely on a multiple-criteria decision analysis applied to existing databases.
Multiple-criteria decision-making (MCDM) or multiple-criteria decision analysis (MCDA)
studies, as part of the operational research linked to applying advanced analytical methods to
provide a wide range of problem-solving techniques through applied mathematics methods, are
a scientific method of obtaining information to aid in decision making by providing a
comparative judgement between complex data. It is based in relating different indicators and
giving each one of them certain degree of importance. (Mardani, 2011)

1688

Leticia Ortega, Begoña Serrano, Isaac Villanova and Andreea R. Ilies

Even though it’s a comprehensible and rational method which helps finding solutions in
complex situations, it is difficult defining the comparison criteria, researching available data and,
maybe the most important of all, the time factor.
Stage 1. Scope of application
To correctly evaluate the different sources, a taxonomy of the components of the constructive
elements was developed, so the comparison can be as accurate as possible when compared to
other sources under the same conditions.
Stage 2. Available databases
The next step was a thorough research to locate the most majority of available databases
worldwide.
There were identified sixty service life databases published in the recent decades, from
Spain, Germany, Portugal, UK, US, Canada, Australia, Italy, Sweden, Switzerland and Israel.
Stage 3. Indicators
Four indicators were defined to evaluate the weight each database should have when pondering
the data: data affinity, which refers to the climate zone of the country were the study was made;
data obsolescence depending on the publishing year; reliability of the source, depending on the
authors and investigation center where the study was made and the level of expertise of the data
base related to the different constructive elements. For each indicator 2 or 3 levels were created
in order to rank the databases depending on the level achieved in each indicator, as seen in the
tables below.
Table 1. Data Afinity.

Climate zone (country)
Mediterranean climate
zone (Spain, Portugal,
Italy)
Temperate climate zone
(Germany, UK, Sweden,
Switzerland)
Cold and sunny climate
zone (UK, Canada,
Australia)

Score
3
2
1

Table 2. Data Obsolescence.

Year
2012 to present
2000-2005
Before 2000 or unknown

Score
3
2
1
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Table 3. Data Reliability.

Reliability
High
Medium
Low

Score
3
2
1

Table 4. Level of expertise.

Level of expertise
High
Low

Score
2
1

Stage 4. Multiple-criteria weigh
The analyzed databases were scored for each of the indicators mentioned above. As seen in the
tables above, the maximum score that could be obtained was set in 11 points. Each database
was scored a total number of points after evaluating the four indicators.
Stage 5. Multiple-criteria decision-making
After scoring the databases, to obtain a service life data for each construction element, a
weighted average was applied to each durability data of every constructive element obtained
from the different data bases. The weighted average was based on the weigh that each database
obtained. Aberrant data was not taken into account.
For instance, considering a constructive element such as a wooden beam of which 3 different
durability data were gathered, a weighted average was applied having more weight in the
average the data gathered from sources closer to Spain, more reliable, more specialized and
more recent.
Multiple-criteria decision-making results
The reference service life of the constructive materials database was a result of the multiplecriteria decision-making.
The service life data to be used with the objective of including it into a BIM-based
environment tool was the one resulted from the process explained above. However, with
research purposes, the results were also organized and sorted into a table including more complex
information as the minimum and maximum service life or an average service life having considered
only one of the four indicators or the critical value. The Image 1 below shows the results of the
analyzed and processed data of the constructive elements of a brick wall façade. The data used
for the BIM-based tool was the Multiple-criteria average service life column.
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Image 1. Example. Durability data results.

The database created allowed the extraction of a variety of relations between the analyzed
elements. The Graphic 1 below shows an example of comparison between the durability of
different types of curtain wall façade depending on the indicator taken into account. The first
bar refers to the multiple-criteria, that is all the indicators, and the rest of them have into account
just one indicator.
Graphic 1. Curtain wall façade durability comparison results.

4 Durability Into BIM-Based Computer Software
The Valencian Institute of Building in cooperation with the Valencian Regional Government,
has been gathering information and created a database about the most common construction
materials characteristics and put it together in the Catalogue of Construction Materials.
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Complementary information such as materials durability, maintenance and costs are being
added to the already existing Catalogue of Construction Materials in order to improve it and
update it to nowadays needs.
It is well known that Building Information Modelling (BIM) as a method of developing
architecture projects is as its peak and the big majority of architects and construction
professionals are already using BIM-based computer software to efficiently plan, design,
construct and manage buildings and infrastructure. The construction materials’ information
gathered and applied when planning buildings will allow knowing the service life of buildings
and its cost from the design phase.
The current catalogue was released to the public as a software program tool in 2010 and it’s
being updated at the moment with the purpose of turning it into a web application. The catalogue
provides tools for designing custom constructive solutions, calculate their properties and check
them according to the Spanish law. The image 2 below is part of the Catalogue of Construction
Materials being developed and it shows different façade types and its properties.
Table 5. Example. Façade types and properties. Catalogue of Construction Materials under development.

The Valencian Institute of Building has been working on integrating construction materials
data, characteristics, durability data from the latest databases and information from other IVE
tools in a BIM-based environment. Therefore, users will be able to know constructive
information and characteristics from the design phase.
This web application will let users define and choose a bundle of constructive solutions for
their project, downloading them in IFC and RFA formats with the properties of each solution,
such as durability. It is currently in development and it is not released yet to the public, although
it is expected to be available by the beginning of 2020.
Assessing the building over its life cycle (planning, construction, use and demolition phase)
provides an insight into the real quality of the building (Federal Ministry for the Environment,
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Nature Conservation and Nuclear Safety (BMUB), 2016). The application of the durability data
into BIM software will allow professionals to previously assess buildings’ life cycle.
The final input lies in the integration of the present research results and information gathered
from other IVE tools into BIM software in order to be applied to projects from the design phase.
A web application will let users define and choose a bundle of constructive solutions for
projects, download them in IFC and RFA formats with the properties of each constructive
element, such as durability. It is expected to be released to the public by the beginning of 2020.

5 Conclusions
The previous and numerous worldwide studies carried out in the field of predicting the
construction materials service life and the latest research here displayed allowed us to carry out
data extraction, process it and apply it to our nearby environment (Spain).
In these moments in which the construction sector needs to change the model that has been
applied in the last decades, the progress achieved with the present research allows to take steps
in order to improving quality and sustainability, encouraging a better understanding of the
construction systems we use, as well as its components and materials. We cannot improve the
functioning of the construction systems if we do not know their behavior.
The present study provides with data that architects and technicians need in order to be able
to consider the reference service life of the buildings from the design phase, allowing the
advance in multiple aspects that result in the improvement of the construction sector efficiency,
such as maintenance plans, better forecast of life cycle costs, buildings and construction systems
design, information given to clients accuracy... etc.
Nevertheless, in order to successfully carry out this process, it is necessary to raise awareness
in the construction sector and to be supported by public policies. The Valencian Institute of
Building works in parallel in this line together with the regional government for the
improvement of quality and sustainability in the construction sector with a holistic and
comprehensive vision of the entire construction process.
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Abstract. This study was developed at the Department of Architecture of Pescara and Department of
Energy, Systems, Territory and Construction Engineering of the University of Pisa as part of an
experimental thesis that led to the implementation of a Decision Support System. The objective of the
work was to implement a tool capable of evaluating - in relation to the choices concerning the
morphology of the building, the construction technologies, the materials and the design of the
architectural elements - the levels of maintenance quality implemented in the various phases of the
project, from the first phases, in which few relevant decisions are made, to the executive phase
characterized by a multiplicity of choices. The aim was to construct a tool in which the reliability of
the evaluations was related to the quantity and quality of the data that feeds the decision-making
process, but which is also able to evaluate preliminary decisions based on the elements of choice that
characterize the first phases of the project. The conceptual model has been defined through the
construction and implementation of a Bayesian Network or a graphical system of probabilistic
inference able to represent the set of stochastic variables and their conditional dependencies through
the use of a direct acyclic graph. Through the interrogation of the network it is therefore possible to
evaluate through the expression of a synthetic index, a real overall rating of the different aspects that
contribute to define the maintenance quality. The use of Bayesian Networks, in the light of the
analyses carried out on an experimental basis - exemplified here on the case study of ING Groupe
headquarters - for the ability to control a multitude of factors linked to the durability of materials, the
morphology of systems and ease of intervention, seems capable of generating useful, effective and
expandable tools to support the design decision-making process.
Keywords: Design, Durability, Maintenability, SSD, Bayesian Networks.

1 Introduction
The architectural design of buildings is increasingly characterized by a new morphological,
functional and technological complexity that requires, from coordination to control,
maintenance and management of the entire life cycle, new skills to effectively implement a
process in which the act of conception and the moment of construction are continuously
intertwined over time (Daniotti, 2007; Latouche, 2015; Di Sivo, 1994; Ladiana, 2009).
The use of Bayesian Networks is in this experimentation proposed for the construction of
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an open model of a useful tool to manage uncertainty through the creation of conceptual maps
of reality that aim to highlight the variables and links in a clear and rigorous way.
The study described in this paper has been developed at the Department of Architecture of
Pescara with and the Department of Energy, Systems, Territory and Construction Engineering
of the University of Pisa, starting from an experimental thesis that led to the implementation
of a Decision Support System (SSD).
For the tool described, in addition to the purposes related to the operating mode and the
possible implementation of databases, there is the structural purpose of being able to operate
within an “open system” that can be progressively expanded, on which it would be possible,
as the study and experimentation progresses, to graft new areas of evaluation, increasing its
operations.

2 Research Objectives and Methodological Approach
The objective of the research developed was to implement a tool capable of evaluating - in
relation to the choices concerning the morphology of the building, the construction
technologies, the materials and the design of the architectural elements - the levels of
maintenance quality implemented in the various phases of the project, from the first phases, in
which few relevant decisions are made, to the executive phase characterized by a multiplicity
of choices (Di Sivo, 1994).
It was intended to build a tool in which the reliability of the evaluations would be related
to the quantity and quality of the data that feeds the decision-making process, but able to
operate also in a preliminary way on the basis of the elements of choice that characterize the
first phases of the project.
The fundamental aim was to achieve a design support tool capable of operating according
to the logic of design optimization dictated by the criteria of maintainability consolidated in
the scientific culture (D’Alessandro, 1994), while allowing, at the same time, to draw on
databases, existing or gradually implementable, relating to: incompatibility of materials,
forms of degradation resulting from the morphology of components and connections, size of
maintenance equipment, ergonomic schemes related to maintenance operations, etc.
In order to be easy to use, the SSD was based on the evaluation and expression of
maintenance quality through a rating index. From the methodological point of view, the work
has been developed in the direction of the construction of a system capable of managing the
large number of variables that distinguish maintenance-oriented architectural design from the
initial phase.
The current reality of projects is in fact extremely complex, especially when analyzing
problems related to maintainability, where the multitude of variables at stake and uncertainty
factors characterize the entire life cycle of the project (Talamo, 2019). It is therefore
necessary to be able to use a “interrogable” modelling tool capable of providing support for
the automation of evaluation processes formalized on the basis of maintenance criteria that
can be applied to the entire architectural organism or to a part of it, such as a façade system. A
quantitative approach to integrate uncertainty and the multitude of variables in an objective
and rigorous way into reasoning can be implemented through the use of the so-called
Bayesian Networks.
The conceptual model for the decision support system has in fact been developed through
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the construction and implementation of a Bayesian Network, a representation of a
probabilistic inference model capable of describing the set of stochastic variables and their
conditional dependencies through the use of a Direct Acyclic Graph (DAG) (Novi, 2018).
Following a “data driven” strategy, a space-time analysis tool has been developed to
support decisions in order to reach a maintainability index. First of all, the knowledge
network was built (directly through the Hugin Expert software) by defining a conceptual
model consisting of nodes (variables) that represent the “maintainability criteria” defined,
then linked together according to criteria of causal dependence (cause - effect).
In order to simplify the operational phase of compiling the values of the variables of the
individual nodes - variables, a simple tabular interface has been created with the help of a
spreadsheet that makes the input of data by the designer clear and simple and automates the
numerical output with a compilation and update link directly to the nodes of the BN created in
the Hugin Expert software.
Once the available values are propagated, the network allows to obtain through the
expression of a synthetic index, a rating about the maintenance quality of the described
project and to perform in real time multi-scenario simulations, diagnostic evaluations,
sensitivity analysis, simply by directly modifying the values in the network or in the tabular
interface. The tool thus obtained, even in the presence of partial or inhomogeneous data,
allows to perform a multitude of simulations and obtain in real time functional results at the
level of knowledge of the problem, guiding the designer in a conscious way in the evaluation
and the necessary choices throughout the lifecycle design.

3 Implementation of the DSS on a Case Study: The Headquarters of ING
Groupe
The method described has been tested through the application on case studies with different
technologies and construction methods with the intent to test the flexibility and compliance of
the project support tool developed to operate in cases of uncertainty and complexity.
Here is described the analysis carried out on a well-known existing building: the
headquarters of ING Groupe in Amsterdam (Fig.1), built by Meyer and Van Schooten
Architects (MVSA) in 2002; this building was chosen as a case study because it is
characterized by a high design attention to the maintenance theme, in order to carry out the
evaluation by simulating different possible scenarios related to different technical solutions as
may happen in a possible design process. In the experimentation, the maintainability of the
building has been tested in three areas: vertical closure - plant engineering system - upper
closure but is exemplified here for exposure limits for the evaluations related to the facade.
ING Group is an example of sustainable, innovative and energy-efficient architecture.
The glass and aluminum structure of the building is raised on metal pillars whose height
varies between 9 and 12m. The façade consists of two layers of glass spaced apart which
contain a passage to allow both access for maintenance and natural ventilation.
The external glass is hooked through 6 fixing points that guarantee the support of the
façade by means of glass elements (thickness 20mm), bound to the floor by stainless steel
components. The sheets of 1800 x 3300mm size, are made of tempered or tempered laminated glass 12 or 19mm thick.
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Figure 1. Headquarters ING Group, Amsterdam. MVSA Architects.

The sheets are separated vertically by silicon joints of 12mm; horizontally by a glass
opening element with a height of 410mm for the ventilation of the facade. The internal facade
is made up of inward opening wooden frames 950mm wide and 2900mm high. The
cleanability and periodic control of the facade cladding is also guaranteed thanks to the
accessible roof on the tenth floor. A system of tracks that runs through the entire building is
designed to ensure a high level of inspection and maintenance: thanks to the installation of
mobile trolleys on the roof, the easy cleaning of all the windows has been ensured.
In the experimentation of the decision support system, the building was analyzed
considering two possible configurations: in the first case, it was evaluated deprived of some
of the solutions related to maintainability; in the second case, it was analyzed how it looks
today, with the current technical characteristics related to maintainability.
The flexibility of the method, allows to perform multi-scenario analysis by intervening on
probability distributions, i.e. to verify how simulations in real time, allow to take strategic
decisions. Therefore, each case has been subjected to a double analysis: in the first one the
method is tested as a tool for evaluating the building, while in the second one its potential as a
support system for decision making has been verified.
The maintainability index of the building is obtained from the analysis of three guiding
criteria:
- MATERIALS for assessing the durability not only of the intrinsic properties (quality of
the component), but also in relation to the design and execution techniques and the
environmental context to which it belongs (design quality - execution quality - environmental
quality);
- the MORPHOLOGY OF SYSTEMS for the determination of the morphological quality
through the analysis of the sub-requisites of maintainability such as: durability - not dirtiness self-cleaning capacity - cleanability, in order to make more appropriate choices during the
design phase to avoid possible pathologies;
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- EASE OF INTERVENTION for the determination of accessibility and spatial
ergonomics through the evaluation of the sub-requirements of maintainability such as:
maintainability by the user - serviceability - serviceability - reparability - disassembly replaceability.
3.1 Analysis of Cases and Evaluation of Alternatives
CASE 01 assumes the construction of the curtain wall using insulating glass on a single layer
and without the equipment and access routes to the envelope.
Analysis 01: the first step consists in the realization of three tables on a spreadsheet
(information database) in which the parameters of the sub-requirements related to the
maintainability of the façade are analyzed, in order to determine the three criteria of the
system (durability of the materials - morphology of the systems - ease of intervention) in
relation to the materials and components used for the realization of the proposed case study.
The second step provides, in order to obtain the evaluation of the maintainability index, the
use of Bayesian Networks. This consists in the realization of a second grid (Fig. 2) that allows
to translate the parameters on Hugin (software for the use of Bayesian Networks).
In the third step, the saving of each parameter under examination and the subsequent
export to Hugin, implements an automation process at the end of which you get a node for
each parameter exported.

Figure 2. Database construction and data link.

Figure 3. Each node-parameter is linked to a reference table with Boolean values.
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The result is a relationship network (Fig.3) in which each node-parameter is linked to a
reference table with values 1 or 0, indicating whether or not the requirement previously
verified on the spreadsheet has been met. From the connection between the nodes it is
possible to determine the maintainability of the facade under examination, which in this case
expressed an index for maintainability of 48%.
The results obtained show that the main cause is to be attributed to the ease of intervention.
The system of vertical closures and the components integrated in it must be structured in
such a way as to make their inspection easy. During the design, especially in relation to the
surface conformation of the materials, dust and atmospheric pollution, it is necessary to
provide easy access structures to facilitate cleaning operations.
In the Analysis 02, the implementation of a series of operations allows to verify the
compliance of the instrument as a support to decision-making choices.
In intervention A the insertion of paths to overcome the difficulties connected to the
periodic cleaning of the curtain wall was foreseen. The integration of this aspect has led to a
50% increase in inspectability, with an improvement also in terms of the cleanability of the
facade.
Intervention B, consisted in the insertion of equipment (ladders - trolleys), particularly
recommended for buildings with curtain walls, as they facilitate periodic cleaning and
maintenance operations, avoiding the use of particularly expensive external means with
consequent time savings. The integration of this aspect has led to reparability from 40 to 80%.
Finally, intervention C considered all ergonomic aspects with the aim of improving user
satisfaction and the overall performance of the system. The intervention concerned the
relationship between the dimensions and the geometry of the operating space, in order to take
into account the body and limb positions of the operators and their movement in relation to
the specific maintenance actions and the use of the required tools and utensils. The ergonomic
aspect, therefore, allows to perform those periodic cleaning and maintenance operations
without which the use of external means would be required.
The Analysis 02, through the progressive incorporation of the operations described above,
has led to an increase in the sub-requisites of ease of intervention, which overall have led to
an increase in terms of maintainability of 15% (from 48 to 63%).
In CASE 02, the insulating glass facade consisting of a transparent double skin was
analyzed, with the presence of the inspectionable cavity, the accessible staircase and the
tracks that allow the passage of the trolleys throughout the casing.
At the end of the process already described for the previous case here, the Evaluation 01
provided a rating index for maintainability of 71 %. Therefore, action was taken where the
system had the lowest rating value, which in this case, among the three criteria examined, was
the morphology of the systems.
During the design phase it is necessary to pay particular attention to the internal and
external factors of the system in order to minimize the inconveniences due to the degradation
caused by atmospheric agents on the walls. It was therefore considered, in this case, to
provide a geometric configuration of the façade and a morphology of the components such as
to allow a homogeneous washout of the surfaces while avoiding stagnation, accumulation,
water absorption and the fixing of dust. Therefore, the 02 analysis simulated different
conditions on some aspects related to the morphology of the system.
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Figure 4. Evaluation of maintenance scenarios related to different forms of external panels.

Intervention D has provided for the use of smaller smooth panels in order to facilitate
better washing of the facade and easier disassembly, with a 20% increase in non-dirtability.
Intervention E assumed the use of striped panels, with sufficiently wide and shallow joints
to create preferential water flow paths; on the contrary, narrow and deep joints would lead to
the deposit of debris and dirt with the need for specialized personnel for periodic cleaning
operations. This intervention has led to 30 to 90% non-soiling.
The example described denotes how the Bayesian Networks offer the possibility to verify
in real time how much each single intervention can affect, in percentage - probabilistic terms,
the degree of maintainability of the project.
In the second analysis of Case 02 of ING, the progressive incorporation of the components
led to an increase in the sub-requirements of the morphology of the systems, which on the
whole led to an improvement in the maintainability of the system with an increase of 10%
more (from 71 to 81%).
The results obtained from the proposed analyses show that certain choices, made during
the design phase, can have a high impact on maintainability. Although it is a simple
qualitative evaluation, the analysis highlights not only an objective comparison between the
two scenarios, but also clarifies and makes explicit all the variables that significantly affect
the results.
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4

Conclusions

The use of Bayesian Networks, in the light of the analysis carried out on an experimental
basis, for the ability to control a multitude of factors related to the durability of materials, the
morphology of the systems and the ease of intervention, seems capable of generating a
valuable tool not only useful as a support in decision-making ex-ante in the project phase of
new construction but also ex-post for the identification of rehabilitation interventions in
existing buildings. The system developed allows to determine the impact that determined
variables, chosen from the point of view of maintainability, bring to the whole project
allowing to establish what attention should be paid to the estimates of probability to obtain
certain services of interest or at the same time what corrective actions are essential to be
taken.
Future developments in the research of the SSD model are oriented in the direction of the
integration of cost parameters for a more complete and effective evaluation and comparison of
alternative intervention scenarios and the identification of implementable protocols for an
objective comparison between contractors during the awarding of a contract.
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Abstract. In recent years, stochastic modeling has been increasingly applied to investigate the
uncertainties of input parameters in hygrothermal simulation and the moisture damage risks of building
envelopes. Generally, stochastic modeling requires hundreds or even thousands of simulations to take
into account the uncertainties of input parameters, which is computationally intensive and timeconsuming. This paper aims to apply polynomial and neural network metamodel as a substitute for the
traditional hygrothermal model, to predict the hygrothermal performance of building envelopes. In the
previous study carried out by the authors, stochastic simulations have been performed based on the
traditional hygrothermal model, to investigate the hygrothermal performance of wood-frame walls
under different rain leakage levels. The material properties and rain deposition factors were considered
as stochastic variables, and stochastic simulations were performed under three rain leakage scenarios:
1%, 0.5% and 0.1% of wind-driven rain. In this paper, the stochastic inputs (the hygric material
properties and rain deposition factor) and outputs (the maximum moisture content and mold growth
index over a 5-year period of the simulation) of a conventional 2×6 wood-frame wall are used to develop
the metamodels through polynomial regression and neural network methods. The metamodels are
developed for each rain leakage scenario, and the stochastic data of the three rain leakage scenarios
are aggregated together to train another metamodel. It is found that the metamodels generally perform
well to predict the maximum moisture content and mold growth index. The metamodels for low rain
leakage scenarios are better than those for high rain leakage scenarios and the neural network
metamodel is more accurate than polynomial metamodel for high rain leakage scenarios, i.e. 1% of rain
leakage.
Keywords: Neural Network Metamodel, Polynomial Metamodel, Hygrothermal Simulation, Woodframe Wall, Rain Leakage.

1 Introduction
In recent years, the stochastic modeling approach has been increasingly applied to investigate
the uncertainties of input parameters in hygrothermal simulation and the moisture damage risks
of building envelopes. Generally, stochastic modeling requires hundreds or even thousands of
simulations to take into account the uncertainties of input parameters, which is computationally
intensive and time-consuming. To improve computational efficiency, a statistical meta-model
can be developed as a substitute for the traditional hygrothermal model, to predict the
hygrothermal performance of building envelopes.

doi:10.23967/dbmc.2020.095
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There are several comparative studies to investigate the performance of different
metamodeling methods (Van Gelder et al., 2014; Janssen et al., 2015; Ostergard et al., 2018).
And the hygrothermal performance of the building envelopes have been approximated by
various metamodel methods, such as generalized additive model, polynomial regression and
neural network (Zewdu Taffese and Sistonen, 2016; Zanetti Freire et al., 2017; Marincioni et
al., 2018; Ostergard et al., 2018; Tijskens et al., 2019). According to the comparison study by
ANNEX 55, the best metamodeling techniques are polynomial regression (PR), multivariate
adaptive regression splines (MARS), and sigmoidal transfer function neural networks, and it
was suggested that the metamodel can only be used within the range of the training data values.
(Janssen et al., 2015). On the contrary, the data set in different ranges may need different
metamodels to ensure their reliability. Most of the previous studies have focused on the
performance of different types of metamodels, however, there is a lack of studies investigating
the reliability of the metamodels at different data ranges.
According to the stochastic analysis performed by Wang and Ge (2019), the rain leakage
level significantly influences the moisture performance of building envelopes. This paper
develops metamodels for predicting moisture performance of a conventional 2x6 wood-framed
wall under different rain leakage scenarios. The polynomial regression and sigmoidal transfer
function neural network methods are employed to develop the metamodels. Metamodels are
developed for three rain leakage scenarios: 0.1%, 0.5% and 1% of wind-driven rain.
Additionally, a metamodel representing all the three scenarios is developed by training the
aggregated stochastic data. The performance indicators- Root Mean Square Error (RMSE) and
Maximum Absolute Error (MAE) are used to evaluate the reliability of the developed
metamodels.

2 Methods
2.1 Hygrothermal Model
The metamodels are developed based on a hygrothermal model of a conventional 2×6 woodframed wall. Figure 1 shows the configuration of the investigated wall, and Table 1 shows the
mean values of the material properties of each component in the wall.

Figure 1. Configuration of 2x6 wood framed wall.
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Table 1. Material properties.

ρ
(kg/m3)

θpor (m3/m3)

Wf (kg/m3)

μDry
-

Dww
(m2/s)

c
(J/kg∙K)

λ
(W/m·K)

Cement Board

1130

0.479

152

905

2.16E-8

840

0.24

Air Gap
Water Resistive
Barrier
OSB
Fiberglass
Vapor barrier

1.3

0.999

-

0.56

-

1000

0.13

400

0.001

0.9

328

-

1500

2.4

650
30
130

0.9
0.99
0.001

377
208
-

994
1.35
4E6

1.29E-10
-

1880
840
2300

0.1
0.036
2.3

Gypsum Board

625

0.706

430.625

172

3.47E-11

870

0.16

ρ- bulk density; θpor- porosity; Wf – saturation water content; μDry – vapor resistance factor at
dry state; Dww- moisture diffusivity at saturation wáter content; c- specific heat capacity; λtermal conductivity
The boundary conditions are listed in Table 2. and the Canadian Weather Year for Energy
Calculation (CWEC) data of Vancouver is used as weather data except for the rain data, which
are extracted from the WUFI weather database. The wind-driven rain is calculated based on the
semi-empirical model in ASHRAE 160 (2016). The equation of the semi-empirical model is
presented as follows:
rbv = FE ∙ FD ∙ FL ∙ U ∙ cosθ ∙ rh
(1)
where
FE - rain exposure factor
FD - rain deposition factor
FL - empirical constant, 0.2 (kg∙s/m3∙mm)
U - hourly average wind speed at 10m (m/s)
θ - the angle between wind direction and normal to the wall
rh - rainfall intensity, horizontal surface (mm/h)
Table 2. Boundary conditions.

αin
(W/m2·K)

αex
(W/m2·K)

βin
(s/m)

βex
(s/m)

αs
-

αl
-

FE
-

FD
-

8

17

5.6E-8

1.19E-7

0.6

0.9

1.0

0.35

To investigate the impact of rain leakage on the hygrothermal performance of the wall
assembly, hygrothermal models are created for three rain leakage scenarios: 0.1%, 0.5%, and 1
% of wind-driven rain. The wall is assumed to face east orientation, which receives the highest
amount of wind-driven rain. The penetrated rain wáter is assumed to be deposited on the
exterior surface of OSB. The moisture content and mold growth index at the interior surface of
OSB are used for performance evaluation. The details of the model setup can be found in Wang
and Ge (2019).
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2.2 Data Preparation
To evaluate the moisture problem and mold growth risks, stochastic simulations were
performed for 5 years starting from Oct. 2012 based on DELPHIN and MATLAB (Wang and
Ge, 2019). The stochastic input and output data are used for training the metamodels.
The input data includes stochastic hygric material properties of OSB and fiberglass and the
rain deposition factor. The material properties are assumed to follow the normal distribution,
the mean values and standard deviations are determined from literature (Kumaran et al., 2003;
Mukhopadhyaya et al., 2007). The rain deposition factor is assumed to follow uniform
distribution from 0.35 to 1.0 as prescribed in ASHRAE 160 (2016). The stochastic inputs are
sampled by the Latin Hypercube Sampling technique, and the stochastic models are generated
for the three rain leakage scenarios. For each scenario, 100 stochastic models are generated. In
total, simulations are performed for 300 stochastic models. Table 3 shows the mean values and
standard deviations of the stochastic inputs. Other parameters of the hygrothermal model are
kept as deterministic values. The output data used for training the metamodel is the stochastic
results of maximum moisture content and mold growth index for the 5-years’ simulation.
Table 3. Stochastic inputs.

Material properties
OSB
Wf
μDry
A
kg/m3 kg/m2∙s0.5
337
994
0.0022
(54)
(38) (0.00055)

Fiberglass
Wf
μDry
kg/m3 208
1.35
(14.5) (0.034)

Boundary condition
Rain deposition factor
Fd
0.35 to 1

2.3 Metamodel Development
2.3.1 Polynomial Regression
The polynomial regression method is one of the most widely used meta-modeling methods. The
metamodel is nth polynomial, which is fitted by input and output samples. The equation of the
metamodel can be written as follows (Jin et al., 2001):
𝑝𝑝
𝑝𝑝
𝑝𝑝
𝑛𝑛
𝑛𝑛 𝑘𝑘
𝑚𝑚
𝑚𝑚
𝑦𝑦̂ = 𝑏𝑏0 + ∑𝑚𝑚
(2)
𝑛𝑛=1 ∑𝑖𝑖=1 𝑏𝑏𝑛𝑛𝑛𝑛 𝑥𝑥𝑖𝑖 + ∑𝑛𝑛=1 ∑𝑘𝑘=1 ∑𝑖𝑖=1 ∑𝑗𝑗=1 𝑏𝑏𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑥𝑥𝑖𝑖 𝑥𝑥𝑗𝑗
where
𝑦𝑦̂- estimated output
x- input vectors
p- the number of inputs
m- the order of the polynomial
b- regression coefficients
In general, the regression coefficients can be determined based on the least square method.
The accuracy of polynomial regression metamodel is influenced by sample size and order
number. According to ANNEX 55 (Janssen et al., 2015), a third-order polynomial performs the
best for approximating an original model with 14 parameters, while a second-order model
significantly reduces the number of coefficients with only slightly worse performance than the
third-order model. The Root Mean Square Error (RMSE), which measures the accuracy of the
metamodel, has no significant reduction after the sample size is higher than 100. Therefore, in
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this paper, the sample size is 100 for each rain leakage scenario, and the metamodel is developed
based on the second-order polynomial. For the metamodel representing all the three rain leakage
scenarios, there are 300 samples. The polynomial metamodels are developed using the Polyfitn
toolbox in MATLAB (D’Errico, 2012).
2.3.2 Neural Network Metamodel
A neural network is composed of an input layer, an output layer, and one or more hidden layers
in between. Figure 2 shows a typical architecture of the neural network. These layers are
interconnected so that the information can be transferred from one layer to another through
transfer function. At each hidden layer, there are several neurons that contain the transfer
function. The number of neurons in the hidden layer is defined by the users and the transfer
function can be radial basis function or sigmoidal transfer function. According to Van Gelder
et al. (2014), the radial basis function network needs more training samples to obtain the same
accuracy with a sigmoidal transfer function network. And the performance of one hidden layer
neural network with 9 neurons could be better than that of two hidden layers with 17 and 19
neurons at each layer when predicting the number of hours with room temperature higher than
25 ℃ in a semi-detached dwelling model. Therefore, in this paper, the sigmoidal transfer
function network is used to develop the metamodel, and there is only one hidden layer with 10
neurons. The number of neurons in the input layer and the output layer is equal to the number
of input and output parameters. In this paper, there are six input parameters (the six stochastic
variables shown in Table 3) and one output parameter (stochastic maximum moisture content
or mold growth index). The training algorithm used in this paper is the Bayesian regularization,
which shows a better performance than the Levenberg-Marquardt algorithm (Kayri, 2016). The
neural network metamodels are developed using Neural Net Fitting APP in MATLAB.

Figure 2. A typical neural network model (Galkin and Lawell, 2013).

3 Results and Discussion
3.1 Metamodels for Moisture Content
Figure 3 shows the comparison of maximum moisture content between metamodels and the
originals model for the test data that are not participated in training the metamodels. In this
paper, 85% of the sample data set are used for training, and 15% are used for testing. And Table
4 shows the RMSE and MAE of the two types of a metamodel for each scenario. It can be seen
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from Figure 3 that the metamodels for 0.1% rain leakage scenario have the best performance.
All the metamodel outputs are almost on the 45-degree line, and the trendline of the outputs
from metamodel is almost overlapping with the 45-degree line for both polynomial and neural

a) 0.1% rain leakage_ polynomial

b) 0.1% rain leakage_ neural network

c) 0.5% rain leakage_ polynomial

d) 0.5% rain leakage_ neural network

e) 1% rain leakage_ polynomial

f) 1% rain leakage_ neural network

g) 0.1% to 1% rain leakage_polynomial

h) 0.1% to l% rain leakage _ neural network

Figure 3. Comparison of the outputs (maximum moisture content) between original models and metamodels
for different rain leakage scenarios.
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Table 4. Comparison of the metamodel performance between polynomial regression and neural network
methods for different rain leakage scenarios (maximum moisture content).

RMSE
MAE

Polynomial
0.1%
0.5%

1%

0.05
0.11

3.29
5.99

1.49
4.93

0.1%
to 1%
2.05
5.31

Neural network
0.1%
0.5%

1%

0.06
0.12

2.11
3.80

1.50
5.49

0.1%
to 1%
1.12
4.91

network methods. Therefore, the predicted values from the metamodels are almost equal to
those from original models and the metamodels perform very well for predicting the maximum
moisture content. For the 0.5% and 1% rain leakage scenarios, the outputs from metamodels
are distributed around the 45-degree lines, and the trendlines deviate from the 45-degree lines.
The outputs of 1% rain leakage scenario is more spreading than those of 0.5% rain leakage
scenario, which means the accuracy of the 1% rain leakage metamodels is lower than that of
0.5% rain leakage metamodels. Figure 3 g and h show the metamodels representing the whole
range of rain leakage from 0.1% to 1%. It can be observed the outputs of the neural network
metamodel are closer to the 45-degree line than those of the polynomial metamodel, which
means the neural network metamodel has a better performance than polynomial metamodel.
The performance of these metamodels can be verified by observing their RMSE and MAE
as presented in Table 4. It can be seen that the 0.1% rain leakage scenario has the lowest RMSE
and MAE, it is followed by 0.5% and 1% scenarios. The metamodels representing all the rain
leakage scenarios have higher RMSE and MAE than the 0.1% and 0.5% rain leakage scenarios,
but lower than the 1% scenario. For the 0.1% and 0.5% rain leakage scenarios, the RMSE and
MAE of neural network metamodels are slightly higher than those of polynomial metamodels.
While, for the 1% rain leakage scenario and the metamodels representing all the rain leakage
scenarios, the neural network method has a lower RMSE and MAE than the polynomial
regression method.
3.2 Metamodels for Mold Growth Index
Table 5. Comparison of the metamodel performance between polynomial method and neural network method
for different rain leakage scenarios (maximum mold growth index).

RMSE
MAE

Polynomial
0.1%
0.5%

1%

0.10
0.23

0.15
0.24

0.14
0.39

0.1%
to 1%
0.39
1.01

Neural network
0.1%
0.5%

1%

0.07
0.12

0.09
0.20

0.16
0.36

0.1%
to 1%
0.12
0.37

Table 5 shows the performance of the metamodels for predicting the maximum mold growth
index. The conclusions that can be drawn from this table are similar to those for the maximum
moisture content. The scenarios with higher rain leakage have higher RMSE and MAE, and the
neural network method has lower RMSE and MAE than the polynomial method, particularly at
higher rain leakage levels.

4 Conclusions
This paper developed polynomial and neural network metamodels to simulate the maximum
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moisture content and mold growth index of a conventional 2x6 stud wall under different rain
leakage levels. The main conclusions of this paper are: 1) In general, the developed metamodels
are performing well to substitute the original hygrothermal models. 2) The metamodels for
lower rain leakage levels (from 0.1% to 0.5% rain leakage) perform better than those with
higher rain leakage levels (from 0.5% to 1% rain leakage). 3) Neural network metamodel
performs better than polynomial metamodel, especially for the scenarios with higher rain
leakage level.
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Abstract. Structural Health Monitoring (SHM) is essential to assess the accuracy of durability
predictions of structures. Using low-cost sensors on structural evaluation has gained significant
attention compare to high-cost sensors. Although these may not be as accurate and sensitive as the
expensive electronic devices, with efficient code and right use, there is a possibility of getting useful
information from them. These sensors can vary based on their functionality and the measurements they
provide. For example, one is highly sensitive to the light of its environment while the other kind would
give different results in different temperatures. In this paper, three different displacement measuring
sensors have been studied. An ultrasonic sensor (HC-SR04) and two different types of laser sensors
(VL53L0X and VL53L1X) are investigated in the paper. An Arduino Mega has captured their measured
data, and a raspberry pi has made the acquisition. Not only issues regarding coding and placing of
these sensors have been presented ultimately, but precise solutions for the aforementioned problems as
well as an efficient way of assembling all the sensors are also presented in this paper. The data
generated from these electronic devices can be used for Structural Health Monitoring applications.
Keywords: Low-Cost Sensors, Distance Measurement, Internet Of Things (IoT), Accuracy and
Sensibility, Structural Health Monitoring.

1 Introduction
Recently, the need for using sensors in structures for monitoring and inspection of their health
state is growing. With this, the need for more economical means of doing SHM is getting very
great attention. In this paper, a few models of static sensors have been presented. Moreover, the
characteristics of each of them have been explained. Each type could be used in specific
situations, and each one has advantages as well as disadvantages in different ambient
(Komarizadehasl et al., 2020a; Komarizadehasl et al., 2020b). For being able to work with these
sensors, first briefly, Arduino Uno (which is the central programable logic controller (PLC) in
this project) would be introduced. Secondly, three different types of ranging sensors would be
introduced along with their specifications. Each type of sensor may use a different way to send
its data. Thirdly, different ways of communicating with this PLC will be presented. Finally, the
results of these sensors against different situations, objects, and colors would be illustrated
(Mobaraki et al., 2020; Mobaraki and Vaghefi, 2016).

doi:10.23967/dbmc.2020.207
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2 State of the Art
In this section, the sensors and a microcontroller that has been used in the project will be
reviewed along with their technical descriptions.
2.1 Arduino Uno
Arduino (Figure 1) is an open-source electronics platform based on easy-to-use hardware and
software. Arduino Uno is a microcontroller board based on the ATmega328P. It has 14 digital
input/output pins, six analog inputs to measure and convert the voltage to a digital value. It
facilitates numerous interfaces to communicate with other microcontrollers and computers such
as Inter-Integrated Circuit (I2C), Serial Peripheral Interface (SPI), and Universal asynchronous
receiver/transmitter (UARTA). The board can work on an external power supply via a USB
port or a power jack. An integrated development environment (IDE) is available for writing,
compiling, and developing the code. This IDE supports a dialect of C/C++ using specific
regulation of code organizing (Pasha, 2016).

Figure 1. Schematic of the Arduino Uno.

2.2 Ultrasonic Sensors
Ultrasonic ranging module HC - SR04 (Figure 2) provides 2cm - 400cm non-contact
measurement function, the ranging accuracy can reach to 3mm. The modules have transmitters,
receivers, and processing circuits. The basic concept of work is: firstly, using the I\O trigger for
at least 10uS (microsecond) high-level signal. Secondly, The Module automatically sends a
frequency of 40 kHz and detects whether there is a pulse signal back. Finally, the range can be
calculated through the time interval between sending trigger signals and receiving an echo
signal. Test distance = (time × velocity of sound (340M/S)) (Kamal and Hemel, 2019). The
technical specification of the use sensor is in Table 1.
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Figure 2. Schematic of an Ultrasonic ranging module HC-SR04.
Table 1. Technical specification of the ultrasonic sensor.
Working Voltage

DC 5 V

Working Current

15mA

Working Frequency

20Hz

Max Range

4m

Min Range

2cm

Measuring Angle

15 degree

Trigger Input Signal

10uS TTL pulse

Echo Output Signal

Input TTL lever signal and
the range in proportion

Dimension

45*20*15mm

The speed of sound can vary based on temperature and humidity. For calibrating the speed
of sound, another kind of sensor had to be used.
2.2.2 Temperature and humidity sensor
As it has been written in section 2.2, for measuring the distance using that sensor, the speed of
sound is needed. The sound travels at different speeds in different temperatures and humidity.
DHT22 (Figure 3a) has already been calibrated during the production process and provides
accurate information (Liu, 2013). The technical specification of the use sensor is in Table 2.
Wire connecting illustration is as follows:

a)

b)

c)

Figure 3. a)Schematic of a DHT22, digital temperature, and humidity sensor, b) Schematic of a VL53L0X,
c) Schematic of a VL53L1X.
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Table 2. Technical specification of DHT22.
Working Voltage

3.3-6V DC

Working Current

0.3mA

Sensing element

Polymer capacitor

Operating range

Humidity: 0-100%RH
Temperature: 40~80Celsius

Accuracy

Humidity: +2%RH(Max+5%RH)
Temperature: <+0.5Celsius

Resolution or sensitivity

Humidity: 0.1%RH
Temperature: 0.1Celsius

Repeatability

Humidity: +-1%RH;
Temperature: +-0.2Celsius

Humidity hysteresis

+-0.3%RH

Long-term Stability

+-0.5%RH/year

Sensing period

Average: 2s

Interchangeability

fully interchangeable

Dimensions

14*18*5.5mm

2.3 The VL53L0X
The VL53L0X (Figure 3b) is a new generation Time-of-Flight (ToF) laser-ranging module
housed in the smallest package on the market today, providing accurate distance measurement
whatever the target reflectance, unlike conventional technologies. The technical specification
of the use sensor is in Table 3.
Table 3. Technical specification of VL530L0X.
Working Voltage

2.6-5.5V DC

Working Current

10mA up to 40mA

Working Frequency

50Hz

Output format (I²C)

16-bit distance reading (in
millimeters)

Distance measuring range

Up to 2m with a minimum
range of 3cm

Weight without header

0.5 g

pins
Dimension
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It can measure absolute distances up to 2m, setting a new benchmark in ranging performance
levels, opening the door to various new applications. The VL53L0X integrates a leading-edge
SPAD array (Single Photon Avalanche Diodes) and embeds ST’s second generation
FlightSenseTM patented technology. The VL53L0X’s 940 nm VCSEL emitter (Vertical-Cavity
Surface-Emitting Laser), is invisible to the human eye, coupled with internal physical infrared
filters, it enables longer ranging distances, higher immunity to ambient light, and better
robustness to cover glass optical crosstalk (Adafruit, 2016).
2.4 The VL53L1X
The VL53L1X (Figure 3c) is a state-of-the-art, Time-of-Flight (ToF), laser-ranging sensor,
enhancing the ST FlightSense™ product family. It is the fastest miniature ToF sensor on the
market with accurate ranging up to 4 m and fast ranging frequency up to 50 Hz Housed in a
miniature and reflowable package, it integrates a SPAD receiving array, a 940 nm invisible
Class1 laser emitter, physical infrared filters, and optics to achieve the best ranging performance
in various ambient lighting conditions with a range of cover window options. Unlike
conventional IR sensors, the VL53L1X uses ST’s latest generation ToF technology, which
allows absolute distance measurement, whatever the target color and reflectance. It is also
possible to program the size of the ROI on the receiving array, allowing the sensor FoV to be
reduced. The technical specification of the use sensor is in Table 4.
Table 4. Technical specification of VL53L1X.
Working Voltage

2.6-5.5V DC

Working Current

10mA up to 40mA

Working Frequency

1-50 Hz max sampling rate

1-Short: up to ~130 cm

(most immune to interference

2-Medium: up to ~300 cm

from ambient light)

in the dark

2- 30 Hz max sampling rate

3-Long: up to 400 cm in

3- 30 Hz max sampling rate

the dark
Output format (I²C)

16-bit distance reading (in
millimeters)

Distance measuring range

Up to 2m with a minimum
range of 4cm

Weight without header

0.5 g

pins
Dimension

13*18*2mm
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2.5 Price
In Table 5, information regarding prices of the introduced sensors has been given, VAT
included.
Table 5. Price of used electronic gadgets.
Arduino Uno

10.99€

Ultrasonic Sensor

3.00€

VL53L0X

6.5€

VL53L1X

15.0€

DHT22

6.5€

16 GB SD card + Sd card module

5.56€+2.5€

3 Communication Ways
While many sensors use digital and analog ports for uploading the measured data to the
microcontroller, some sensors use the inter-integrated circuit (I2C) protocol. This is a protocol
that allows multiple “slave” digital integrated circuits (Sensors) to communicate with one or
more “master” chips (Arduino). Like the Serial Peripheral Interface (SPI), which is only
intended for short-distance communications within a single device. The ultrasonic sensor and
DHT22 have been connected to the Arduino’s digital ports. The laser ones had to be connected
to I2C port (SCL, SDA) on the board. Since both of these laser sensors had the same board
addresses, introducing them to the Arduino raised a problem. For solving this issue, the X shut
pin of these two sensors has been used to change their circuit address. The code was written on
the Arduino platform and uploaded to the board via a USB cable. For getting the main
characteristics of these sensors, a few tests have been carried on. All the different types of
ranging circuits have been connected and glued together like Figure 6, so data from all 3 of
them would be measured almost the same and simultaneously.

Figure 6. Experiment formation.
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4 Experiments
The device was tested against the same measurement against different materials. In Figure 6, 2
tests with and without extreme ambient light have been done for getting the distance from the
big book. For the one with the light bulb, the temperature sensor has been moved a bit far from
the source of the light and heat. The reason was that the excruciating heat coming from the light
bulb would not harm the sensor. The other tested objects were a white paper, a black paper, a
clear and transparent plastic cover, and some thin tissues. In Table 6, standard deviations driven
from the performed tests have been illustrated.
Table 6. Ranging results of the same experiment under different circumstances.
a
a
a
a transparent
a
Extreme
Extreme
tissue
ambient
ambient
Sensors type thick white black plastic cover
book paper paper
light
light*
Ultra
0.61
1.87
1
0.7
352
3.23
_
Laser1
2.5
2.67
7.18
5.46
4.66
3607
39.86
Laser2
1.5
1.48
1.87
3.12
1.62
21.94
_
Tests

On this table, the last column has been created to provide filtered data from the first laser
sensor due to the extreme environmental light and heat test. The filter has deleted the ranging
out-puts equal to 8190. When this sensor is not able to read, or the measurement distance is
more than its capacity, it declares this number.
It should be mentioned that the ultrasonic sensor, which was the chipset sensor and the easiest
one to install, had shown better performances compared to the laser ones. On the downside, this
sensor needs 5v interaction digital ports and needs at least 4 volts for its full functionality. The
only problem with this sensor could be its data providing speed. Although the laser has a faster
rate (50Hz data production), this sensor has a frequency of only 20Hz. In other words, this
sensor can provide up to 20 data each second. The biggest problem with the ultrasonic sensors
would be their dependence on ambient temperature and humidity, since the speed of sound
changes from an environment to another. This sensor needs an accurate speed of sound for its
calculations. The proposition of this paper would be using the ultrasonic sensor with a laser
sensor if there was the probability of changing temperature or of extreme ambient light. Using
the first laser sensor or the second one is due to what range and circumstances the experiment
may experience.

5 Conclusion
Notwithstanding that the laser sensors did not have as good results as the ultrasonic one, they
can be useful as well. They are smaller, lighter, and faster than the ultrasonic sensors. Moreover,
have noise-free technology (no noise can enter from the wires). Moreover, they work
independently of the temperature of their testing situation. Best results will only appear if an
ultrasonic sensor (attached to its temperature and humidity sensor) be used alongside a Laser
sensor. They can cover the downsides of each other and provide an accurate, useful set of data.
The selection of Laser type one or two depends on the circumstances of the experiment. If there
is enough budget, Laser type 2 provides a way better set of data and is less sensitive to ambient
light.
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Abstract. Serrat and Gibert (2011) introduced the use of survival analysis techniques for the study of
time-to-failure in the facades of a building stock. Those techniques have been implemented in a
predictive system that incorporates the inspection methodology together with the statistical
methodology. The system proposes a network of urban laboratories for building research analysis and
information with the aim of modelling the degradation time based on the information from all the cities
participating in the project, from a multiscale perspective. The approach is population based, that is
from the manager of the building stock point of view, in order to obtain information on the evolution of
the stock across time, and to help the manager with decision making process on global maintenance
strategies. However, for an efficient decision making it is crucial to determine those covariates -like
materials, morphology and characteristics of the facade, orientation or environmental conditions- that
play a significant role in the progression of different failures along the façade service life. The proposed
platform also incorporates an open source GIS plugin that includes survival and test moduli that allow
the investigator to model the time until a damage when taking into account the variables collected during
the inspection process. The aim of the paper is to introduce the methodology and the modelling strategy
for the deteriorating process of an urban front. The contribution will be illustrated with a case study
located in the city of L’Hospitalet de Llobregat (Barcelona, Spain) in which more than 14,000 facades
have been inspected and analyzed.
Keywords: Non-Parametric Modelling, GIS for Building Durability, Inspection Methodologies,
Survival Analysis, Collaboratory.

1 Introduction
In order to design a multiscale predictive platform for the analysis of the deterioration process
of the facades in a building stock, we will focus on determining a reliable inspection method
that fits to any urban laboratory. The system proposes a network of urban laboratories for
building research analysis and information (BRAIN) with the aim of modeling the degradation
time based on the information from all the cities participating in the project, from a multiscale
perspective.
On the other hand, the methodology must study the morphology of the architectural elements
and the states of the damages in the facades, from a general perspective. Basic fundamentals
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and definitions on the methodological parts and preliminary works have been previously
introduced by Serrat and Gibert (2011) and Gibert et al. (2014).
The manuscript is organized as follows. In Section 2 the main predictive and methodological
issues will be presented. Section 3 will be devoted to the non-parametric estimation of the
statistical model and Section 4 will fully illustrate with a case study the Geographic Information
System tool as well as the results and interpretation of the significant variables acting on the
deterioration of built facades. The paper ends with a summary and the main conclusions of the
conducted research.

2 A Predictive System
In this section we will introduce, in a short manner, the four ingredients of the predictive system
that we are proposing. That is a) the collaborative approach in order to join and analyze the
information from the nodes in the network of urban labs, b) the inspection methodology to be
applied to the urban lab, c) the survival analysis methodology as a statistical technique for the
durability and modeling estimation and, d) the GIS platform as a tool for managing the
information and the analyses. Details of these components can be found in Gibert (2016).
2.1 A Collaborative Perspective
The research focuses the prospecting campaign of the facades at a multiscale level. Indeed, it
concentrates the interest within the concept of the urban laboratory that collects the envelope
of the buildings and constitutes the urban front. This approach defines the urban canyon as the
U-shape location where the facades are exposed and the time-to-event variables as well as the
territorial and environmental covariates occur and determine the facades durability over time.
Figure 1 shows the urban laboratory and the urban canyon (Gibert, 2016).
The project is a translatable study to any city in the world in a networking manner. The net
has a neuronal analysis center, the Collaboratory, as a coordination unit, able to store and
analyze the information from the cells in order to test for similarities and differences accros the
participants (cities, i.e. urban labs). Right-hand part of the Figure 1 illustrates the network. The
main goal is to join efforts into the predictive knowledge of the deterioration of the urban fronts
and facilitate the design of common standards as well as protocols of follow-up and intervention
strategy.

Figure 1. Urban laboratory network and Collaboratory for the BRAIN project.
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2.2 Inspection Methodology
The main goal of the monitoring part is the follow-up of the facades in order to detect in which
particular moment of the service life of the facade the damages occur and progress. From this
perspective Gibert et al. (2014) designed the inspection protocol based on a list of requirements
in order to apply a population approach and as a result an inspection document was derived.
The document consists of two parts. Part a) allows to collect field data, cartographic data,
cadastral data as well as plot/building/facade data and architectural characteristics. Part b) is
made for collecting the existing elements and materials and the state of damages at the time of
inspection.
2.3 Survival Analysis Methodology
Let T be the time from the beginning of the follow-up (time zero) until the failure (the event of
interest) happens. T is our random variable of interest. Let 𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) and 𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡) be the density and the
cumulative distribution function of the random variable T. Based on f and F we can derive
statistics of interest like, the quantiles of the distribution. This will allow us to estimate the time
until a proportion of damaged buildings in the population or, in the reverse sense, the proportion
of damaged buildings at certain time for a particular damage. In the service life setup, time zero
will mean the date that the building is built and by failure we will understand the successive
grades of gravity, or the successive grades of extent, of the damages. The survival (i.e.
durability) function for the random variable T is the complement to one of the distribution
function F, that is,
𝑆𝑆𝑆𝑆(𝑡𝑡𝑡𝑡) = 1 − 𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡) = 1 − P(𝑇𝑇𝑇𝑇 ≤ 𝑡𝑡𝑡𝑡) = P(𝑇𝑇𝑇𝑇 > 𝑡𝑡𝑡𝑡)

(1)

Our sample will be inspected at different inspection times (t1, t2, …) and the information on
the failures times for the damages that the inspector collects will be interval censored, in the
sense that the investigator only can ensure with probability one that the time to failure is in a
time interval (li, ri) (Serrat and Gibert, 2011).
In the context of our research on facades durability, since there are no references on the
distribution functions that failure times follow, we will estimate the durability function and the
hazard function in a non-parametric manner. That is, our estimates will be only based on the
data and we will not suppose any hypothetical (and non-testable) distributions family for the
unknown density f. We will use the Turnbull’s estimator (Turnbull, 1976) based on an iterative
algorithm that maximizes the non-parametric likelihood function
𝐿𝐿𝐿𝐿 = ��𝐹𝐹𝐹𝐹(𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖 ) − 𝐹𝐹𝐹𝐹(𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖− )� ��1 − 𝐹𝐹𝐹𝐹(𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 )� � 𝐹𝐹𝐹𝐹(𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖 ) ��𝐹𝐹𝐹𝐹(𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 ) − 𝐹𝐹𝐹𝐹(𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖 )�,
𝑖𝑖𝑖𝑖∈𝑂𝑂𝑂𝑂

𝑖𝑖𝑖𝑖∈𝑅𝑅𝑅𝑅

𝑖𝑖𝑖𝑖∈𝐿𝐿𝐿𝐿

𝑖𝑖𝑖𝑖∈𝐼𝐼𝐼𝐼

(2)

where O, R, L and I are the subsets of exact, right-censored, left-censored and interval-censored
observations, respectively. From the resulting probabilities, durability and hazard functions can
be derived. From the computational point of view, in order to obtain the proper estimates for
the survival model, we will use the Turnbull’s estimator implemented in the statistical
environment R (R Core Team, 2014) in the Icens package (Gentleman and Vandal, 2016)
available at Bioconductor website.
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2.4 GIS Platform
In order to visualize and analyze, in a territorial and multiscale approach, the available
information on the urban canyon, we have implemented a QGIS plugin for the Linux
environment (QGIS Development Team, 2016). The application allows the manager the visual
follow-up (i.e. location and characteristics at a multiscale level) of the ageing process of the
urban laboratory. The language used to implement this application has been Python (van
Rossum and the Python development team, 2016), open source language, object-oriented,
which allows the use of other external programs, such as the case of R used for the statistical
analysis. More details on the plugin and its development can be found in (Gibert, 2016).

3 A Modelling Strategy
As a first result the proposed platform allows the investigator to select a subsample of facades
of interest, a particular failure in a particular element and to estimate and draw the durability
functions for each level of severity and each level of extent, in a marginal way. This output
allows to compute the percentiles distribution as well as the cumulative distribution function of
the overall subsample. In a similar manner, the plugin offers the possibility of adding one
specific covariate value (material, orientation, environmental condition…) and to derive the
durability function for this specific value of that covariate. Based on these features it is possible
to visually identify which variables could be significantly involved in the deterioration process.
In order to select the significant variables that take part in a non-parametric model for the
deteriorating process we will use the extension of the Fleming-Harrington class of tests
proposed for interval censored data by Oller and Langohr (2015). These tests allow to compare
for equality of distribution functions and to check for ordered survival distributions among the
categories of a covariate.
3.1 Proposed Selection Algorithm
The algorithm that we have designed to select, from a set of candidates, the sequence of
covariates in the model for a given significance level, α, is:
• STEP 1: Perform an equality test for each one the covariates candidates to explain the
failure of interest. Choose, if exists, the covariate that shows the minimum p-value lower
than α. In case none of the candidates satisfies the constrain this would mean that none
of the covariates would be significative enough to explain the deteriorating process.
• STEP 2: Branch the subsample according the selected covariate and compute the sample
size of each one the categories. Explore and validate the possibility of recoding those
values. In case of recodification, apply equality tests in order to ensure the significance
of the just restratified covariate.
• STEP 3: Repeat steps 1 and 2 for each one of the resulting branches by considering the
remaining candidate covariates, until none of them becomes significative.
Figure 2 illustrates, in a global manner, the three steps of the proposed algorithm. The final
non-parametric model will identify a significantly different behavior in the aging process
among the branches in the resulting classification tree.
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Figure 2. Algorithm for the selection of the covariates of interest from a given set V1, V2, … Vm of candidates
(for a supposed significance level α = 0.05, i.e. a 95% of confidence level).

4 A Case Study: L’Hospitalet de Llobregat
The collaborative strategy has been introduced in a variety of countries and cities, as a strategy
for building stock management (Serrat and Gibert, 2011). As an illustration of the modelling
strategy we will use the analysis of a particular failure in L’Hospitalet de Llobregat (hereafter
L’Hospitalet) in the metropolitan area of Barcelona. L’Hospitalet is the city having the second
largest population and is among the twenty most populated cities in Spain. The municipality
covers an area of 12.5 square kilometers next to Barcelona, and it is divided in 12
neighborhoods.
A first group of 13,193 inspections were done by 2001 across all the city. Later on, by 2016,
1,308 facades have been reinspected. We will focus in the dwelling buildings located in the
Centre, Collblanc and Santa Eulàlia neighborhoods as a statistical population of interest. The
sample size is 814 and we are talking almost 150,000 square meters of exposed facades. Figure
3 shows the subsample of interest.
After computing the Weighted Severity Index (Gibert, 2016) for all the failures of interest
in the selected sample we saw that the most relevant failure is the moisture in the deck railing
plasters. The subsample at risk of suffering this failure is made by 512 facades. Figure 4 shows,
numerically and graphically, the estimated survival functions for each one of the levels of extent
(low, medium and high). We will focus now in obtaining a model non-parametric for the
moisture in the deck railing plasters in a low level of extent (i.e. the dark green stepwise line in
Figure 4).
The covariates that have been considered of interest to be in the model are: V1: the
morphology of the facade, V2: the construction period, V3: the material, V4: the neighborhood
and V5: the orientation. After applying the selection algorithm described in the previous section
we obtain the model
𝑇𝑇𝑇𝑇 ~ 𝑉𝑉𝑉𝑉2 + 𝑊𝑊𝑊𝑊1 + 𝑊𝑊𝑊𝑊4

(3)
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Figure 3. QGIS map of the subsample of interest in L’Hospitalet
de Llobregat (inspected facades in light blue, n = 814).

where V2 stands for the construction period stratified in two groups (before and after 1960), W1
describe the morphology of the facade (flat versus no flat) and W4 indicates if the facade belongs
to the Centre neighborhood. In Figure 5 we can see the characteristics of the resulting four
groups, named G1, G2, G3 and G4.

Figure 4. Durability functions for moisture in the deck railing plasters, in our subsample of interest in
L’Hospitalet de Llobregat (% of censoring –in pink–, quantiles –in blue– and cumulative of failures across time –in green–).
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Construction Period

Morphology

Neighborhood

Flat (G₄)
< 1960
n = 277

n = 138
Centre (G₃)
No Flat
n = 139

≥ 1960 (G₁)

n = 19
No Centre (G₂)
n = 120

n = 235

Figure 5. Classification tree for the time until the occurrence of puntual humidities in the plaster of the deck
railing in the facades of residential buildings of L'Hospitalet de Llobregat.

By performing pairwise tests we can prove that the durability functions are ordered
according to the groups in which the subsample has been split. In fact, the survival distributions
follow the sequence
as it is shown in Figure 6.

SG3 > SG2 > SG4 > SG1

(4)

Figure 6. Stratified durability functions for puntual humidities in the plaster of the deck railing according the
model defined by the construction period, the morphology and the neighborhood covariates, and estimated
median time for each group.

It is interesting to highlight the improvement introduced in the predictive estimation from
the proposed model with respect to the marginal estimation in Figure 4. For example, the
estimation of the median time to injury is approximately 34 years in the marginal model,
whereas, when the model is known, this median is estimated in about 26, 38, 50 and 91 years,
for the facades of groups G1, G4, G2 and G3, respectively.
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It can be observed that young facades (the ones in the group G1) fails before than the others.
In contrast, the facades with a better durability (the ones in the group G3) are the older ones,
located in the Centre neighborhood and with a no flat morphology (i.e. with other elements in
the facade like balconies and tribunes). This fact poses a new and interesting debate on the
constructive models and the associated building technology.

5 Conclusions
From a non-parametric approach it is really convenient to model how different covariates can
play a significant role in the aging process of the elements of the facades. When data are interval
censored this goal is actually more challenging due to the uncertainty in the data. The main
benefit of the proposed algorithm is that it allows to build a model in which at every step the
most significative covariate is chosen and validated, in a sequential manner. This is a powerful
strategy in order to identify priorities and to guide the decision making. Through the case study
it has been illustrated the advantages of the proposed modelling strategy overcoming the
limitations of not being available a parametric alternative.
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Abstract. The negative effects of climate change are underway despite the global efforts to mitigate
them and the future scenario are unsettling. Climate change poses critical challenges to urban
environments and highlights the need for research its impacts on the built environment. One of the most
significant effects of climate change on reinforced concrete structures is associated with the carbonation
of these structures. The increase of parameters such as temperature and carbon dioxide jeopardise the
degradation of such structures by carbonation-induced corrosion. This paper presents the results of the
monitoring and analysis of a set of buildings that determine carbonation as the main degradation
mechanism of structures in Paraguay. Through the application of a previously developed carbonation
model, the worsening of the carbonation-induced degradation has been determined after considering
the climate change effects in the coming 50 years. The outcomes of the study determined that the poor
quality of the structures in Paraguay cause premature degradation in them. Furthermore, considering
climate change effects, it has been determined that this phenomenon could accelerate corrosion failure
times in reinforced concrete structures.
Keywords: Carbonation, Climate Change, Real Carbonation Data, Reinforcement Corrosion.

1 Introduction
Nowadays, ensuring that structures can withstand the environmental factors that determine their
degradation has become a big challenge for engineers, who often are subject to a limited budget
when are designing their projects. The study of the degradation of structures caused by
environmental phenomena did not reach a significant interest until a few decades ago when
climate change became tangible as a critical problem that affects the daily integrity of human
beings. Furthermore, such as the buildings built in earlier times (e.g., bridges, cathedrals,
castles, and so on), it is now possible to classify several of the 20th-century concrete structures
as modern heritage, whose maintenance has cultural and historical value for each country.
Rehabilitation, maintenance and repair of buildings play an important role in ensuring its
performance in the long term, so they have a significant impact on the adaptation of buildings
to climate change. Recent studies have shown widespread concern regarding the regulations in
the construction industry in relation to durability, which are based on historical climate data.
Therefore, a comprehensive study of the climate change impacts on the degradation of the
structure is necessary (de Wilde and Coley, 2012). Perhaps one of the most meaningful

doi:10.23967/dbmc.2020.028
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conclusions of the Intergovernmental Panel on Climate Change (IPCC) in its fifth assessment
report was that the climate change effect comprises a problem that cannot be removed
immediately. That is, the concentrations of greenhouse gases in the world are so high that their
reduction or stabilization could not be possible for several centuries (IPCC, 2013).
Although civil engineering historically has covered its knowledge based on physical and
mechanical stresses to establish the durability conditions of a structure, the effect of climate
change has forced to expand knowledge in a deeper way towards the environmental and
chemical stresses that influence directly on the integrity of infrastructures worldwide.
Therefore, a neglected area is the impact of climate change on RC structures, where it is
necessary to adapt future designs to ensure that infrastructures have adequate capacity and have
sufficient durability to deal with the consequences of climate change (Talukdar, 2013).
Under this context, the degradation of reinforced concrete (RC) structures could be
significant considering carbonation-induced corrosion. Carbonation is a natural phenomenon
produced by the chemical reaction between cement hydroxides and the atmospheric carbon
dioxide (CO2) (Broomfield, 2007). This degradation mechanism is directly influenced by three
climatic parameters that are associated to the effects of climate change: CO2 concentration,
temperature and relative humidity. Therefore, the study of the carbonation phenomenon as a
degradation mechanism of concrete structures has been a spotlight of engineers since the
emergence of climate change.

2 Carbonation in RC Structures
Regarding carbonation-induced degradation, the interpretation of reinforcement corrosion
requires a quantitative understanding of the environment, physical deterioration process,
transport mechanism through the concrete, cracking process and the corrosion phenomenon
(Taffese and Sistonen, 2013). Corrosion in the reinforcement causes cracking of the surface of
the structure and subsequent the spalling of the cover due to the expansion of the corroded rebar.
Then, the corrosion rate directly affects the extension of the service life of the RC structures
(Ahmad, 2003).
2.1 Effects of Climate Change on Concrete Degradation
Several studies agree that climate change will cause new considerations and establish new
conditions for the construction industry. Due to climate change, the risks of damage induced by
carbonation in concrete can increase by more than 16% by the year 2100, which means that one
in six structures will suffer additional and costly corrosion damage due to this phenomenon. It
has also been found that, as a consequence of climate change, the corrosion rate could increase
by 15% if the temperature increases by 2 °C (Stewart et al., 2011, 2012).
Research developed for concrete infrastructures in China has determined, taking into account
the same climatic parameters mentioned above, that the depth of carbonation could increase by
45% in reinforced concrete structures by the year 2100 (Peng and Stewart, 2016). On the other
hand, Stewart et al. concluded that in some regions of Australia, the risks of damage induced
by carbonation can increase even by more than 400% by the year 2100 (Stewart et al., 2011).
Later, other studies showed that global warming could advance the time of failure by 31% or
decrease the service life up to 15 years for moderate levels of aggressiveness (Bastidas-Arteaga
et al., 2013).

1728

Pablo Benítez, Fernanda Rodrigues, Sudip Talukdar and Sergio Gavilán

The long life of the buildings is perhaps the most palpable problem since most of the
buildings built now must continue in service within the next 50-100 years. However, the most
efficient way for adaptation is taken the proper actions before these buildings are built, i.e.
during the design stage. Therefore, it is crucial to develop policies and strategies that reduce
long-term risks for new buildings, encourage early adaptation where possible to existing
buildings and, at least, adopt a precautionary approach to the uncertain risks of climate change
(Camilleri et al., 2001).
2.2 Carbonation-Induced Degradation in Paraguay
Carbonation is one of the most frequent phenomenon that leads to degradation problems in
structures located in Paraguay. The index of relative humidity and the tropical temperature
makes a propitious place for the carbonation to propagate in the structures and jeopardise its
durability due to the reinforcement corrosion. In this paper, a database with 327 carbonation
depth measurements in different structures of Paraguay has been analyzed in order to know the
real carbonation rate in RC structures. The construction industry in Paraguay has had significant
growth in the last decade. However, the first infrastructures built in the country lacked adequate
control, whereby currently a poor quality in buildings is evidenced that compromises its
durability.
The carbonation data of the case study corresponds to buildings located in urban area.
Considering that the study was conducted in existing buildings, the carbonation depth was
measured by applying the phenolphthalein test. Three measurements were taken for each
structural element and the average of these values was computed. The year of construction of
these structures was between 1986 and 1997, although some of them were built in the current
century. On the other hand, the interventions were made between 2013 and 2019. As for their
constructive characteristics, these buildings are constructed with Ordinary Portland Cement. It
should be noted that in several cases, the concrete structure was completely exposed. These
cases correspond to unfinished buildings, a very common case in the country when construction
projects do not end (usually due to budget problems) and remain exposed to weathering in some
cases for more than ten years even.
Through a statistical analysis of the real carbonation data, the mean value and the standard
deviation for the cover thickness and the carbonation depth are shown in Table 1. These results
suggest that can be expected a carbonation depth that has almost the same thickness than the
cover. This result is quite important since the probability of corrosion onset is too high
considering the loss of alkalinity of concrete due to carbonation. On the other hand, the results
shown in Table 1 have been classified according to the structural elements of the building. After
this classification, it has been seen that the slabs were the most compromised elements from the
point of view of the corrosion initiation by carbonation. This is deduced since the mean cover
thickness (12.30 mm) was practically equal to the mean of the carbonation depth (12.15 mm)
in the structures.
Considering the carbonation tests results, an analysis was performed in order to determine
the carbonation-induced corrosion risk. It was possible to classify three conditions of
degradation for the analysed structures: with corrosion risk, without corrosion risk, and the
condition of imminent corrosion initiation. For this purpose, a structure without corrosion risk
has been considered when the cover of the structure is not yet carbonated or, at least, the
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carbonation front is not in a critical zone that may induce corrosion. This consideration is
specifically referred to that an immediate carbonation-induced corrosion is not expected.
However, as has been studied in the literature, corrosion could be induced by other mechanisms
and this study has focused only on carbonation.
Table 1. Results for carbonation depth and concrete cover of the case study.

Variable
Carbonation Depth
(mm)
Cover Thickness
(mm)

Main
Value
18.0

Standard
Deviation
7.13

18.1

8.32

Furthermore, the condition referring to structures with corrosion risk includes those where
the carbonation front had exceeded the cover thickness. This implies that the reinforcement is
wholly embedded in a carbonated concrete, leaving it vulnerable to corrosion due to the
suppression of the passive protection layer. The last condition referred to imminent initiation
of corrosion considers what has been established in Yoon et al. (2007), in which the corrosion
begins when the carbonation front is located at least within 5 mm of the rebar surface, being
necessary an immediate intervention.
Then, this analysis has shown that almost half of the cases analysed (49.91%) present a
considerable corrosion risk or imminent corrosion initiation caused by carbonation. That means
the carbonated thickness in the concrete is higher than the cover thickness, and that the
durability of the structure is in a critical condition. Thereby, it can be said that almost 50% of
the buildings analysed in the urban area of Asunción, whose were built no more than 30 years
ago, can be considered as structures at the beginning of the last stage (corrosion propagation)
of its corrosion degradation. Such degradation conditions correspond to the time in which the
interventions were carried out in the structures of the case study. Hence, the structures without
corrosion risk could also be considered under carbonation-induced corrosion risk in the next
years if appropriate maintenance actions are not performed. Over the 327 real carbonation data,
the result of the analysis is depicted in Figure 1.
Degradation Conditions
Percentage (%)

60
40
20
0

34,79

50,09

15,12
Imminent Corrosion

Corrosion Risk

No Corrosion Risk

Figure 1. Degradations conditions considering inspection results.

In essence, through the case study shown in this section, it was possible to illustrate that
carbonation is a common problem in the concrete structures of Paraguay. The lack of control
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during the execution of the works often triggers in structures without the adequate conditions
that guarantee their durability. Therefore, according to the study developed in this section, the
cover thickness is referred to as the most influential parameter to reduce the time to corrosion
initiation. In this way, a rigorous control is recommended during the elaboration of these
structures that guarantee, not only the adequate thickness but a good cover quality through a
low porosity.

3 Carbonation Modelling
Recently, many degradation models have sought to link the phenomenon of climate change and
its influence on degradation parameters, which represents a significant advance. On the other
hand, the estimation of the service life of structures under the influence of cracking or the
system of loads to which a real structure is subjected is still insufficiently studied due to its
complexity. The numerical degradation model applied in this paper to estimate the carbonation
depth in structures due to the climate change effect was the model developed in (Talukdar et
al., 2012). This model was considered suitable to represent the estimated carbonation-induced
degradation over time since it is formulated as a function of a climatic scenario and concrete
properties. This feature allows the model to predict the degradation of concrete structures under
consideration of climate change, which is directly related to the context of this research.
The carbonation model applied in this research is a deterministic one-dimensional numerical
diffusion model for a gaseous medium through a porous substrate based on Fick’s Second Law.
The model has been validated based on experimental results obtained in an accelerated
carbonation chamber. Then, the model develops an extensive analysis of the carbonation
phenomenon considering parameters such as porosity, relative humidity, temperature, diffusion
and concentration of gases. Therefore, as it is considered parameters such as relative humidity,
temperature and carbon dioxide concentration into the numerical model, the climate change
effects can be included within the carbonation model. In this way, the model allows to
determine the concentration of CO2 and Ca(OH)2 within the concrete as a function of time by
applying the following equations:
𝛿𝛿
𝛿𝛿 �
�𝐶𝐶𝐶𝐶�(��) � = 𝐷𝐷 � �𝐶𝐶𝐶𝐶�(�) �𝐻𝐻𝐻𝐻𝐻𝐻 − 𝑘𝑘�𝐶𝐶𝐶𝐶�(��) ��𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)�(��) �
𝛿𝛿𝛿𝛿
𝛿𝛿𝑥𝑥

𝛿𝛿
𝛿𝛿 �
�𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)�(��) � = 𝐷𝐷 � �𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)�(��) � − 𝑘𝑘�𝐶𝐶𝐶𝐶�(��) ��𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)�(��) �
𝛿𝛿𝛿𝛿
𝛿𝛿𝑥𝑥

(1)
(2)

Where 𝐶𝐶𝐶𝐶2(𝑎𝑎𝑎𝑎) and 𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)�(��) are the aqueous concentration of CO2 and Ca(OH)2
respectively(mol/m3), D is the effective diffusivity of the carbon dioxide into the concrete
(m2/s), HR is the relative humidity (%), T is the temperature (K), k is the reaction rate constant
(m3/mol/s), 𝐶𝐶𝐶𝐶�(�) is the atmospheric concentration of carbon dioxide (mol/m3). Therefore, by
solving Equations (1) and (2) simultaneously, it is possible to obtain the concentrations of both
solutions involved in the carbonation reaction using the "Method of Lines" proposed by Cutlip
and Shacham (Cutlip and Shacham, 2007). Further details of the mathematical derivation of the
model and the values of the parameters in both equations can be found on (Talukdar et al.,
2012).
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Equations (1) and (2) model the corrosion initiation stage. For the corrosion propagation
stage, the model employs an analytical thick-walled uniform cylinder which assumes that the
generation of a volume of corrosion products (rust) around the corroding steel causes an
expansion in the diameter of the steel. Within the formulation of this stage of corrosion
degradation, the model considers parameters such as the activation energy and the reference
current flow density which are not generally taken as constants by other models. These
parameters may depend on the interaction between the concrete resistivity, the saturation level
and the cover thickness.
3.1 Carbonation Simulation Results
The carbonation model provides a valuable perspective on how the carbonation front advances
over time through concrete structures under the influence of climate change. After running the
carbonation model in MATLAB, the results are shown in Table 2 regarding the ultimate
carbonation depth (UCD) for two typical RC structures of Paraguay (20 and 25 MPa)
considering two different climatic scenarios of the IPCC (RCP 4.5 and RCP 8.5). The UCD
represents the maximum depth reached by the carbonation front during the simulations.
Furthermore, a control scenario is considered to be able to monitor the expected increase in
the carbonation depth caused by the climate change effect. This control scenario is a scenario
where the relative humidity and the mean annual temperature were held to the current values
for Paraguay as 75.1% and 23.7 °C, respectively. On the other hand, it is also possible to
determine through the degradation model what are the times of corrosion initiation caused by
carbonation, as well as the corrosion propagation time.
Table 2. Carbonation modelling - Simulation results.

Climatic
Scenario

Corrosion
Initiation
(years)

Propagation
Time (years)

Ultimate
Carbonation Depth
(mm)

Strength: 20 MPa – Cover thickness: 25 mm
Control
20.15
2.32
35
RCP 4.5
19.27
2.95
35.6
RCP 8.5
18.24
2.88
40
Strength: 25 MPa – Cover thickness: 25 mm
Control
26.65
2.66
30
RCP 4.5
23.69
2.69
30.8
RCP 8.5
22.57
2.76
35

After the application of the carbonation model, some conclusions can be drawn regarding
the corrosion risk by carbonation in the concrete structures of Paraguay. Concrete structures
would reach an UCD between 30 and 40 mm corresponding to a service life of 50 years,
depending on the concrete quality and the climatic scenario predicted. Herein, the ultimate
carbonation depth is considered as the maximum depth of carbonation front reached in the
simulation and this parameter is subjected to the boundary conditions of the model. Moreover,
it can be said that the RC structures in Paraguay would be under considerable corrosion risk
considering the forecasting climate changes. Moreover, simulations have not shown alteration
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regarding the UCD between the control scenario and the best scenario. The difference was
concerning the time, where the UCD is reached in the best climate scenario between 12% and
20% earlier than in the control scenario. On the other hand, the carbonation depth could increase
between 14% and 16% for the worst-case scenario.
On the other hand, it has been found that the higher the strength of the structure, the greater
the carbonation resistance, which is reflected in the corrosion initiation times. The main reason
for this behaviour is the porosity of the material. The concrete strength is directly related to the
porosity of the material so that the diffusion of gases within the concrete is limited in the
materials of greater resistance.The numerical model applied in this paper considers that before
the expansive pressure of the oxide is generated, it is necessary that the porous zone of the
concrete/steel interface be wholly filled with the corrosion products (rust). This porous zone
has been initially considered in the numerical model with a value of 10 μm. However, many
other studies consider different values for this parameter ranging from 50 μm to 100 μm (Siemes
et al., 1985; Broomfield, 2007). If the porous zone is increased by 50%, the corrosion
propagation time can be increased between 10 and 60%. Therefore, the limit pf rust generation
to fill this zone is quite influential in the simulation results obtained. That is, the concrete quality
will always be a critical factor regarding the durability of RC structures.

4 Conclusions
Although there are several investigations related to the corrosion of concrete reinforcements in
countries such as China, the United States, Australia and European countries, at the Latin
American level it was possible to confirm a lack of available research that can describe the same
problems under the specific circumstances of the region. In the specific case of Paraguay, as it
is a developing country, the accessibility to information and the low number of it does not allow
to describe the state of degradation of the infrastructures scientifically.
It was found that quality control during the construction process is of utmost importance to
ensure a minimum concrete cover, which is one of the most critical factors on the initiation of
corrosion time. Furthermore, structures and infrastructures in Paraguay are not appropriately
designed and executed according to the consideration of environmental effects. Regarding the
degradation prediction models, one of the most significant handicaps is the difficulty in
adopting the parameters in a precise and quantifiable way. It is true that these numerical models
seek to describe, in an increasingly precise way, the natural behaviour of the degradation
processes of structures. However, it is still necessary to carry out a lot of research in this area
to achieve this objective entirely.
Concerning the carbonation model results for the structures of Paraguay, can be expected
early degradation in the next years due to climate change effects. Thus, for the worst climate
scenario, in the second half of this century is expected an average increase by 16 %, in the
maximum carbonation depth regarding a control scenario for RC structures of 20 and 25 MPa.
Meanwhile, the time to reach the same maximum carbonation depth of the control scenario can
be reduced even in 8 years for the best climate scenario, depending on the quality of the
concrete. After a sensitivity analysis through the carbonation model, it was found that the
reduction of the concrete cover to a value of 10 mm provides a significant acceleration in the
corrosion initiation time. Therefore, not only the concrete strength has to be monitored, but also
the concrete cover. Perhaps one of the most concerning conclusions is given by the fact that the
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carbon dioxide accumulated in the earth's atmosphere cannot be reduced to acceptable levels
until within a few centuries, even considering that greenhouse gas emissions were entirely and
immediately reduced. Then, this situation suggests that the best strategy to deal with this
problem involves adaptation measures rather than mitigation measures. From the engineering
and constructions approach, this strategy must be proposed dynamically considering the
accelerated change in the expected climate according to the IPCC scenarios.
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Abstract. The inspection of the used house which is necessary to be evaluated is carried out without
removal of the interior or exterior finishing materials. However, where the interior or exterior
appearance was degraded, there was not always a bio-deterioration of the wooden structural member
in the existing wood houses. Therefore, the interior or exterior appearance of the 103 used wood houses
were inspected and the bio-deterioration of all wooden structural members were investigated after
removal of the finishing materials. Then, the relationships between the appearance degradation and the
actual bio-deterioration of the wooden structural members in the used wood houses were studied. The
results were summarized as follows:
1) The bio-deterioration of the wooden structural members were found much on 1st story rather
than 2nd story, in the elder building age, in case of short eaves and in case of low foundation.
The issues known experience empirically were verified numerically.
2) The tendency of the appearance degradation occurrence were the same as the tendency of the biodeterioration partially, but didn’t match it entirely.
3) About 90 % of the portions whose interior or exterior appearance were degraded didn’t have the
bio-deterioration of the wooden structural member.
4) The ratio of the portion with the bio-deterioration of the wooden structural member without
appearance degradation were only 1.6 %.
Keywords: Appearance Inspection, Degradation, Bio-Deterioration, Used Wood House.

1 Introduction
It is not uncommon in Japan for wood houses to be scrapped after a family has finished using
it and for a new house to be rebuilt for a new family. This makes the market for the used houses
inactive and disturbs the growth of the sustainable society. Revitalizing the market for the used
houses is one of the most important social issue in Japan (MLIT, 2015). One of the main factors
disturbing the distribution of used wood houses is the difficulty in grasping whether structural
components are decayed or damaged by termites (Cho et al., 2013). Therefore, a visual
inspection of the current state of more than 100 wooden houses was carried out, and after all
the finishing materials and interior / exterior materials were removed, a biological deterioration
survey of all structural members was carried out. Then, we analyzed the relationship between

doi:10.23967/dbmc.2020.170
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appearance defects and biological deterioration of structural members.

2 Appearance Inspection and Bio-Deterioration Survey Methods
2.1 Attribution of Inspected and Surveyed Houses
Houses to be demolished for removing or renovated houses were selected (Tsuchimoto et al.,
2016). This was a necessary condition for exposing all structural members and surveying the
state of bio-deterioration. Since the durability can be affected by the building age, the
construction methods, and the site condition, we made an effort so that the attribution of the
inspected and surveyed houses didn’t have any bias. Most of the construction method of the
inspected and surveyed houses were Japanese conventional post and beam construction. The
wood frame construction and the prefabricated wood construction were only 4 and 2 houses,
respectively. It was difficult to find the relatively new house for inspection and survey. The
building age distribution of the inspected and surveyed houses are shown in Table 1. The
minimum and maximum building ages were 14 and 63, respectively. As for the story of the
houses, most were 2-story houses, excluding ten 1-story houses and a 3-story house. The
distribution of the building locations of the inspected and surveyed houses are shown in Table
2. As mentioned above, though the houses needed to be chosen without bias, the houses built
at the standard region were most and occupied about 73 %. Because most of the houses in Japan
were built in the standard region including Tokyo and Osaka.
Table 1. Building age distribution of the inspected and surveyed houses.

Building
age
Number
of houses

20 years 21-30 31-40 41-50 51-60 61 years
or less years years years years or more
4

26

36

25

7

1

Unknown

Total

4

103

Table 2. Building locations distribution of the inspected and surveyed houses.

Region

Cold region

Standard region

Hot and humid
region
7
8
Total
South Okinawa
Kyushu

Zone No.
1&2
3
4
5
6
Example Hokkaido North South
Cool
Warm
of place
Tohoku Tohoku area*
area*
Number
0
5
11
18
57
12
0
103
of houses
*: The cool area and the warm area respectively indicate the relatively cool and warm
district of North Kyushu, Shikoku and the main island of Japan excluding Tohoku.

2.2 Method of Appearance Inspection
As the appearance inspection, the interior and exterior materials and the finishing material of
the house, for example, shown in Photo 1(a) were observed (Photo 1(b)), and their degradation
such as rain leak marks, cracks, discoloration and so on were grasped. The location and degree
of these deteriorations were visually measured with reference to "Durability design and
maintenance / deterioration diagnosis of wood houses" (2002) issued by the Japan Housing and
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Wood Technology Center.
2.3 Method of Bio-Deterioration Survey of All Structural Members
The bio-deterioration survey were conducted to all structural members after the removal of all
sheathings and finishing materials (Photo 1(c)). The visual and tactile inspection were
conducted to survey all structural members for bio-deterioration. The bio-deterioration includes
the decay and the termite damage. The position and degree of the deterioration were grasped
and recorded with reference to the above-mentioned manual issued by HOWTEC.
(a)

(b)

(c)

Photo 1. Overview of (a) inspected house, (b) appearance inspection and (c) bio-deterioration survey.

3 Database of Inspection and Survey Results
3.1 Objective
Although there are several factors that disturb the market distribution of the used wood houses,
it is not too much to say that the largest factor among them is that they include degraded parts,
or that the range and the degree of deterioration are unknown. Many studies of the degradation
of old wood houses have revealed whether the house contains degraded components and the
tendency for degradation to exist. But even if you know these things, the buyers cannot decide
whether the used wood house needs to be repaired or whether they can live as it is, if they can
endure. Therefore, it is necessary to evaluate not only whether or not the degradation has
occurred but also in what range and how serious the bio-deterioration is.
Then, the inspected and surveyed houses were divided into square segments of
approximately 900 mm, each linked to the results of appearance inspections and to the results
of bio-deterioration survey of all structural members, including the degree of decay or termite
damage. Each segment is not necessarily independent, but the number of segments indicates
the range of degradation. In other words, minor deterioration is one segment, but widespread
degradation is two or more segments. And, the relationship between the appearance defect and
the bio-deterioration of the structural member was analyzed.
3.2 Compilation Method into Database
At first, the investigated houses were divided into roofs, walls, and floors of the 1st and 2nd story,
respectively. The roof segment and the 2nd floor segment include the ceiling and the 1st story’s
ceiling, respectively. The wall segments included the interior sheathings and the exterior
finishing material. Next, as shown in Figure 1, the wall, floor and roof were divided into
approximately 900 mm square segments. The wall with the opening was divided into the
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hanging wall and spandrel wall segments. As a result, 103 homes were divided into
approximately 65,000 segments. Each segment linked to the attribution of the investigated
houses and the information of the appearance degradation and the bio-deterioration of the
structural members included in it.

(a) Wall divided into segments.
(b) Floor divided into segments.
Figure 1. Dividing method of investigated house into segments.

4 Frequency of Appearance Degradation and Bio-Deterioration
All of the 103 houses had the degradation in appearance, and 97 houses had the bio-degradation.
Out of 65,000 segments, the appearance degradation was found in 5,667 segments,
corresponding to 8.7 %, and the bio-deterioration of the structural members was found in 1,421
segments, corresponding to 2.2 %. In other words, most existing wood houses have the biodeterioration of structural members, but their range is generally limited. Figure 2 and 3 shows
the frequency of the appearance degradation and the bio-deterioration of the structural members
for each building age and each construction area, respectively. The incidence of the appearance
degradation and the bio-deterioration increased with older building age, except for over 50 years
whose sample was very few. The incidence of them was lowest in zone No. 7 with high
temperature and humidity. In others, the incidence increased in warmer zone, except for zone
No. 3 where the sample was very small.
Figure 4 shows the incidence of them for each building part. Both of the appearance
degradation and the bio-deterioration of the structural member often occurred on the 1st story
and outside rather than the 2nd story and inside, respectively.
Figure 5 shows the relationships between the construction method and height of the
foundation and the bio-deterioration of the structural member in the 1st story. The incidence of
the bio-deterioration was lower in the order of the concrete mat foundation with footing, only
the footing with the moisture barrier concrete and the one without the moisture barrier concrete.
The mat foundation and the moisture barrier concrete are effective in preventing the biodeterioration of the structural member in the 1st story. Although there were some exceptions,
the incidence of the bio-deterioration almost decreased as the foundation height raised.
Figure 6 shows the effect of the segment orientation on the incidence of the appearance
degradation and the bio-deterioration of the structural members. The orientation of the segments

1738

Takahiro Tsuchimoto, Satoshi Takahashi, Hideaki Sumikura and Takafumi Nakagawa

had no obvious effect on the incidence of them.
Incidence of appearance
degradation (%)
0

2

4

6

8

10 0

Incidence of biodeterioration (%)
2

4

6

8

10

20年以下
20
or less
21～30年
21 – 30
31～40年
31 – 40
41～50年
41 – 50
51 51年以上
or more
不明
Unknown

Incidence of appearance
degradation (%)
0

2

4

6

8

10

Incidence of biodeterioration (%)

0

1

2

3

No. of zone

3
4
5
6
7

Figure 2. Incidence of the appearance degradation
(left) and the bio-deterioration (right) for
each building age.

Figure 3. Incidence of the appearance degradation
(left) and the bio-deterioration (right) for
each building location.
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Inside of floor
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2階床‐内部
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in 2F
2階床‐外部
Inside of
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1階小屋‐内部
Outside of
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1階小屋‐外部
Inside of wall
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1階床‐内部
Inside of floor
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1階床‐外部
Outside of floor
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Figure 4. Incidence of the appearance degradation (left) and the bio-deterioration (right) for each building part.
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Figure 5. Relationships between the construction method (left) and height (right) of the
foundation and the bio-deterioration of the structural member in the 1st story.
0
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Figure 7 shows the effect of the eaves length on the incidence of the appearance degradation
and the bio-deterioration of the structural members. The length of the eaves didn’t clearly affect
the incidence of the appearance degradation. However, as the length of the eaves increased, the
incidence of the bio-deterioration almost decreased.
Incidence of appearance degradation (%)
0
5
10
15
20

0

Roof
小屋

北
North

北
North

壁
Wall
床
Floor

東
East

Incidence of bio-deterioration (%)
2
4
6

小屋
Roof
Wall
壁
Floor
床

東
East

西
West

西
West

South
南

南
South

Figure 6. Relationships between the incidence of the appearance degradation (left) and
the bio-deterioration (right) and the orientation of the segments.
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0
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Figure 7. Relationships between the incidence of the appearance degradation (left) and
the bio-deterioration (right) and the length of the eaves.

5 Difference between Appearance Degradation and Bio-Deterioration
On the most of the dealing with the used houses, only the appearance inspection is conducted.
So, the result of the appearance inspection needs to match the position of the bio-deterioration.
However, the occurrence of the appearance degradation and the bio-deterioration of structural
members were not the same, as mentioned above. For example, there was no decayed member
in the 2nd floor system near the position of the rain leak mark on the ceiling of the 1st story found
by the appearance inspection, as shown in Figure 8. And, the bottom of the column decayed
even though no degradation were found by the appearance inspection, as shown in Figure 9.
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Rain leak mark
No deterioratoin
k
Figure 8. Not decayed structural member of floor system in 2F
(right) in spite of the rain leak mark on the ceiling
(left).

Figure 9. Decayed bottom of column (right)
in spite of no degradation found by
the appearance inspection.

Then, we analyzed the differences between the appearance degradation and the biodeterioration of the structural members. The number of the segments with/without appearance
degradation and those with/without the bio-deterioration of the structural member were
subjected to the cross tabulation, as shown Table 3. It was clarified that there was no biodeterioration in more than 90 % of segments out of all with the appearance degradation (e.g.
Figure 8), and that there was the bio-deterioration in only 1.6 % of segments of all without the
appearance degradation (e.g. Figure 9).
Table 3. Cross tabulation of the number of segments with/without the appearance degradation
and those with/without the bio-deterioration of the structural members.

Total
2F
Found
1F
Bio-deterioration of
structural member
Total
Not
2F
found
1F
Total

2F
1F

Appearance degradation
Found
Not found
Number of segments Ratio Number of segments
484
8.5 %
937
88
5.1 %
129
396
10.0 %
808
5,183
91.5 %
58,416
1,649
94.9 %
23,698
3,534
89.9 %
34,718
5,667
100 %
59,353
1,737
100 %
23,827
3,930
100 %
35,526

Ratio
1.6 %
0.5 %
2.3 %
98.4 %
99.5 %
97.7 %
100 %
100 %
100 %

Next, the distribution of segments including those differences for each building part was
studied, as shown in Figure 10. The incidence of the segments with the bio-deterioration in spite
of the no appearance degradation in the 1st story was higher than that in the 2nd story and high
in the order of the floor, the wall and the roof. From these, even if the occurrence rate of such
differences depends on the incidence rate of biological deterioration, the appearance
degradation, the structural members in the 1st story, especially in the floor, should be inspected
or surveyed carefully, regardless of the appearance degradation. On the other hand, the
distribution of the segments without the bio-deterioration in spite of the appearance degradation
didn’t have clear tendency for each building part and in each part the incidence was over 80%.
One possible reason is that it takes time for the outside rain leak to penetrate the structural
members, and the water evaporates before the water reaches the structural members.
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Figure 10. Distribution in each building part of the segments including the bio-deterioration in spite of no
appearance degradation (left) and without the bio-deterioration in spite of appearance degradation (right).

6 Conclusions

The relationships between the appearance degradation and the actual bio-deterioration of the
structural members obtained by the investigation for over 100 used wood houses were analyzed
and concluded as follows:
- The bio-deterioration of the wooden structural members were found much on 1st story
rather than 2nd story, in the elder building age, in case of short eaves and in case of low
foundation. The issues known experience empirically were verified numerically.
- The tendency of the appearance degradation occurrence were the same as the tendency of
the bio-deterioration partially, but didn’t match it entirely.
- About 90 % of the portions whose interior or exterior appearance were degraded didn’t
have the bio-deterioration of the wooden structural member.
- The ratio of the portion with the bio-deterioration of the wooden structural member without
appearance degradation were only 1.6 %.
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Abstract. In a context of downturn of public investment after the financial crisis of 2007, an increase
of social and economic inequality takes place in territories and cities. Socio-residential vulnerability is
intensified in certain urban areas where processes of socioeconomic and socio-spatial regression are
related with the resident population difficulties to access resources for the intervention and maintenance
of an aging residential building stock that gradually decays. Mediterranean cities in Southern Europe
and precisely the city of Barcelona face the added difficulty of counting with a residential built stock of
mostly private property, accounting many situations of horizontal property in which each building is
managed by a community of owners who are not necessary householders and users. The present study
consists of an analysis of the relation between the state of maintenance of residential buildings and the
property regime, tenancy and uses, based on the observation of common spaces and elements of a large
sample of buildings located in the most vulnerable areas of the city of Barcelona. The provided results
can contribute to foster improvements in future public rehabilitation programs and policies.
Particularly according to local challenges to guarantee and promote durability of a mostly privatelyowned residential built stock that is located in areas where socioeconomic difficulties hinder the
residents’ capacity to carry out rehabilitation or maintenance actions. Management of the maintenance
of the residential built stock must take into account the repercussion of particularities in property
regimes, tenancy and uses, especially when it refers to common spaces and elements of residential
buildings.
Keywords: State of Maintenance, Property Regime, Form of Tenure, Building Pathology, Vulnerable
Housing Stock.

1 Introduction
In the current context of regression of public and private investment in the construction sector,
the obsolescence of the existing residential building stock in areas of the city that are
particularly vulnerable is a matter of high concern in the city of Barcelona (Ajuntament de
Barcelona, 2016). A city where the design and provision of public policies to support
maintenance and rehabilitation faces the challenge to address the predominance of a privatelyowned residential building stock mostly characterized by a horizontal structure of ownership.
This fact places the inhabitants, both users and owners, in a central role for the implementation
of maintenance and rehabilitation actions of an aging housing stock (Cerezo, 2018).
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In this context, current debates regarding the lack of maintenance and obsolescence of the
existing urban fabric consider not only the decay of the built environment at different scales but
also the increasing risk of social and residential exclusion affecting its inhabitants. The
distinction between physical factors, related to the building stock material and technical
processes, and behavioural factors, related to human actions, possibilities and struggles, is at
the same time explanatory of the causes and descriptive of the effects of the progressive
deprivation of the urban existing tissue. (Thomsen et al. 2015 and 2017).
The present paper provides a cross-analysis of quantitative and qualitative indicators of the
state of maintenance of a large sample of residential buildings located in five of the most
vulnerable neighbourhoods of the city of Barcelona, in relation to the property regime, tenancy
and risk of residential exclusion as well as occupancy and uses within the building. This
contribution can provide tools to consider the impact of this socioeconomic aspects on the issue
of obsolescence and it aligns with the aim of the Council of Barcelona to foster the design of
specific integral public rehabilitation programs that can support the most vulnerable tenants and
householders to access maintenance and improvement actions at present and in long term. (Diari
Oficial de la Generalitat, 2018).

2 Objectives
The main objectives of this research are:
- To describe the building stock in different vulnerable neighbourhoods according to the
type of observed damages and the state of maintenance and conservation.
- To analyse and detect the impact of socioeconomic issues such as property regime,
tenancy and risk of residential exclusion, forms of occupancy and uses in relation to the
state of maintenance and conservation of the residential building stock.

3 Methodology
3.1 Sample of Study and Data Collection
The main sources for this paper are, firstly, a study on the detection of the most vulnerable areas
of the city of Barcelona (Garcia-Almriall et al., 2017), and the following study on the
prediagnosis of the state of conservation of the building stock in 16 vulnerable neighbourhoods
(Cornadó et al., 2017).
This paper presents a cross-analysis of data of a total sample of 2434 buildings located in
five of the previously studied vulnerable neighbourhoods that are selected for their very diverse
characteristics. El Raval (1119/1685 analysed buildings) and La Barceloneta (737/1074
buildings) are central neighbourhoods with a historic urban tissue with mainly constructions of
the XIX century. Ciutat Meridiana (54/78 buildings) and El Besòs (188/281 buildings) are
peripheric neighbourhoods in the north and south of river Besòs and consist of a modern urban
tissue with mainly open block and tower constructions built between 1950 and 1975. Trinitat
Vella (345/592 buildings) is also a peripheric neighbourhood built in the same period, but its
urban tissue consists of attached constructions between party walls conforming a closed urban
block (Figure 1).
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Figure 1. Different type of buildings of the five analysed neighbourhoods. From left to right: El Raval, La
Barceloneta, Ciutat Meridiana, El Besòs and Trinitat Vella.

3.2 Data Analysis
3.2.1

Building pathology: type of observed damages

Firstly, this paper provides an analysis of a series of observed damages according to their
relevance on the studied areas. The available data was obtained during a fieldwork campaign
(Cornadó et al., 2017) (Figure 2). The described damages are: cracks in bearing walls, façade
buckling, risk of material detachment in facades and roofs, dampness (rising damp, moisture
and rainwater leaks), degraded windows and woodwork, rusty metal elements, cracks in the
facing, stains and dirt.

Figure 2. Fieldwork images of observed damages.

3.2.2

State of maintenance and conservation in relation to property, tenancy and uses

Secondly, this paper presents qualitative and quantitative indicators to statistically analyse the
state of maintenance and conservation of the building stock: a qualitative indicator that
describes the need of rehabilitation of the building stock obtained in a campaign of fieldwork
(Cornadó et al., 2017) (Figure 3), a quantitative indicator of the superposition of the previously
described damages within one single building (Cornadó et al., 2017), and finally a quantitative
indicator of the existence of administrative requirements and orders of conservation provided
by the Council of Barcelona (Garcia-Almirall et al., 2017).

Figure 3. Fieldwork images of buildings with different results the need of rehabilitation indicator.
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Results from the three indicators are classified according to four levels in relation to the state
of maintenance and conservation of the building stock (Table 1), and they are further analysed
according to socioeconomic variables related with property, tenancy and uses (Table 2):
Table 1. Qualitative and quantitative indicators of the state of maintenance and conservation.

Indicators
- Need of rehabilitation
- Superposition of damages
- Administrative requirements
Sate of maintenance

Level 1
High
7-9
More than 2
Very low

Level 2
Regular
4-6
2
Low

Level 3
Low
1-3
1 (interior)
Regular

Table 2. Socioecnomic variables, data and sources.

Variables
- Property regime
- Risk of residential
exclusion
- Tenancy and uses of
the building

Data
· Horizontal Property
· Vertical Property:
legal entity or natural person
· Application for public rental aid
· Number of evictions
· Blocked and empty premises
· Empty premises in ground floors
· Private uses in ground floors
· Public uses in ground floors

Level 4
Very low
0
1 (façade)
Adequate
Source

Garcia-Almirall, 2017
Statistical Database

Garcia-Almirall, 2017
Statistical Database

Cornadó et al., 2017
Fieldwork

4 Results
4.1 Observed Damages in Relation to the State of Maintenance of the Building Stock
The graphic in Figure 4 presents the distribution and relevance of the different observed
damages in the total sample of studied buildings according to each neighbourhood:

Figure 4. Proportion and distribution of observed damages.

The most abundant observed damages are those that are strictly related with a lack of
ordinary and extraordinary maintenance actions: cracks in the facing, stains and dirt, as well as
damages in windows and woodwork and carpentries. Their proportion according to
neighbourhood varies between 55-68%. The proportion of cases with dampness is still quite
relevant and a little bit more variable among neighbourhoods: between 50% in La Barceloneta
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and Ciutat Meridiana, 30% in El Besòs and El Raval, and 20% in Trinitat Vella. There is a
considerable number of cases with risk of material detachment, particularly in La Barceloneta
(near the 50%), and still importantly in El Raval and Trinitat Vella (around the 30%), while it
is very low in El Besòs and Ciutat Meridiana (15%). Finally, the proportion of cases presenting
damages of mechanic structural origin such as cracks in the bearing walls is a lot lower and it
presents high variability from La Barceloneta and el Besòs, the locations with a highest
percentage (25%), to Ciutat Meridiana (10%). The graphic in Figure 5 presents the distribution
of three groups of indicators that are classified in four levels in order to assess the state of
maintenance of the whole sample:

Figure 5. Proportion and distribution of four levels in relation to the state of maintenance.

The highest proportion of cases (between 40-50%) correspond to Level 4 and thus present
an adequate state of maintenance and conservation, although this proportion is slightly lower in
La Barceloneta, Ciutat Meridiana and Trinitat Vella. The proportion of cases included in Level
3, if we consider both the quantitative and qualitative indicators, is rather homogeneous around
the 40% with slightly less cases in La Barceloneta. Instead, La Barceloneta presents a peak in
the proportion of cases included in Level 2, with a 40% of cases that present a low state of
maintenance according to the quantitative indicator. A proportion that is qualitatively less
important but still accentuated: 25% of cases in Level 2 in La Barceloneta in comparison to a
18% in Trinitat Vella and between 7-13% in the rest of areas. Finally, the qualitative indicator
provides an almost homogeneous distribution of cases included in Level 1 between 10% in El
Besòs to 16% in El Raval, including cases with a very poor state of conservation. Even though
the proportions of administrative requirements are very low (mostly under 10%), there is a 16%
of cases with administrative requirements for interior conservation in El Raval.
4.2 Building Pathology and State of Maintenance in Relation to the Property Regimes
The cross-analysis of the distribution of damages and the indicators of the state of maintenance
according to different property regimes is presented in Figure 6. The proportion of observed
damages within cases of horizontal property is slightly higher if compared to the results of the
full sample in Figure 4, and clearly higher if compared to the results for cases with a vertical
property regime. Besides, there is a clear decrease of the proportion of cases presenting damages
of mechanic structural origin as well as risk of material detachment for vertical properties. More
particularly, vertical juridical properties clearly present lower percentages of all types of
damages in comparison to vertical physical properties.
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Figure 6. Proportion of observed damages and the state of maintenance in relation to property regimes.

Regarding quantitative and qualitative indicators of the state of maintenance and
conservation of the building stock, similar results can be observed. The proportion of cases
presenting an adequate state (Level 4) is clearly inferior for horizontal properties. Vertical
properties include a much higher percentage of buildings in an adequate state, particularly in El
Besòs, and most specifically in the case of vertical properties owned by of La Barceloneta.
Instead, vertical properties owned by natural persons in Trinitat Vella concentrate the major
number of cases with an adequate state. Regarding the poorest state of maintenance and
conservation, the proportion of cases is more elevate for horizontal properties in all studied
neighbourhoods and it is particularly lower in the case of vertical juridical properties in la
Barceloneta and El Besòs.
4.3 Building Pathology and State of Maintenance in Relation to Tenancy and Risk of
Residential Exclusion
In comparison to the results presented in Figures 4 and 5, Figure 7 clearly shows how the
proportion of observed damages and the proportion of cases with a lower state of maintenance
is much higher for those buildings in which the resident community has faced eviction processes
in the last years. Results according to buildings in which many residents apply for rental social
aid are very similar. This observation is particularly clear in La Barceloneta, El Besòs and
Trinitat Vella, while it is also significant in El Raval and Ciutat Meridiana.

Figure 7. Proportion of observed damages and state of conservation according to risk of residential exclusion.
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4.4 Building Pathology and State of Maintenance According to Occupancy and Uses of
Residential and Ground Floors
The results presented in Figure 8 highlight the very high impact of the existence of blocked
unused spaces both in residential and ground floors in relation to the observation of damages
and the very poor state of conservation for all coincident cases. Remarkably, empty premises
in ground floors present a similar correlation, particularly in Ciutat Meridiana and El Besòs.
Additionally, it is interesting to consider the impact of a different use of ground floors, be it
of private access (housing, garage or storage) or of public access (commercial and services). In
the case of El Raval, the percentage of cases with a very low state of maintenance is higher in
buildings with housing or storage uses on the ground floor. Nevertheless, both the proportion
of observed damages and of buildings with a very low state of maintenance tend to increase in
buildings with commercial and services in the ground floor, with exceptions in El Besòs where
the proportion of some types of damages decreases significantly while there is a higher
proportion of buildings in an adequate state.

Figure 8. Proportion and distribution of observed damages and four levels of the state of conservation according
to the occupancy and uses of residential and ground floors.

5 Conclusions
First of all, there is a clear relation between the abundance of most observed damages in
common elements and spaces of buildings and lack of ordinary or extraordinary maintenance
actions. Results regarding the qualitative indicators of the state of maintenance and
conservation also confirm the existence of a low percentage of buildings that need an urgent
intervention of rehabilitation, while they highlight a considerable proportion of cases in which
the state of maintenance is not yet adequate.
In this context, the higher proportion of observed damages and lower state of maintenance
of privately-owned buildings with a horizontal structure of property confirms the consequences
of what can be pointed as an added difficulty hindering the implementation of maintenance
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actions. The particularly lower proportions of damages and the increase of the adequate states
of maintenance for the specific case of vertical juridical property in La Barceloneta and El Raval
can be explained by the speculative pressure in the historic central areas, where the acquisition
and renovation of entire buildings is frequent.
Secondly, the clear impact of socioeconomic variables that are closely related to the risk of
residential exclusion in communities, confirms how socioeconomic difficulties and residential
instability are also explanatory factors of the gradual decay of the residential building stock.
Finally, the high correlation between the existence of empty premises both in residential and
ground floors and the accumulation of severe damages and a poor state of maintenance explains
the high impact of a usually prolonged lack of activity. Besides, in most studied neighbourhoods
where the common ground floor activity is housing, buildings with commercial ground floors
present a lower state of maintenance. While in the case of El Raval, in which the common
ground floor activity is commercial, the presence of other activities of private access such as
housing, provides a sign of deprivation. The correlation between ground floor uses and state of
maintenance must be interpreted according to the location and urban activities of each site.
Results from this paper confirm that the design and management of public programs aiming
at improving the state of maintenance and conservation of the residential building stock must
adapt and consider seriously socioeconomic aspects related with property, tenancy, occupancy
and uses, particularly in contexts where the risks of socioresidential exclusion are high.
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Abstract. The lack of systematization in the collection of building defects leads to a wide range of data
that is not used to its full potential. Unfortunately, this opportunity is missed since lessons could be
drawn from analyzing this data by systematically mapping and investigating building defects. This paper
presents the results of a statistical analysis on 27074 cases of building defects provided by a Belgian
insurance company, ranging from 1991 up to 2019. This analysis focuses on the types of damage, the
occurrence in relation to the construction time and the typology of the claims. Spearman correlation
tests, X² tests, and Kruskal-Wallis tests are performed to assess the significance of correlations.
Moisture problems constitute 49% of all technical defects, followed by structural issues (19%), and
cracking (17%). Within the category of moisture problems, the roof is the dominant location for
problems to occur, followed by basements, façades, windows, and rising damp. 50% of the judicial cases
were closed after 3 years, whereas cases without lawsuit are typically settled after 1-2 years.
Keywords: Building Defects, Pathology, Catalogue, Statistical Analysis, Insurance Company.

1 Introduction
Currently, an immense amount of information is available about building defects in the Belgian
construction industry. Details about the causes, the damage caused by the defects, the associated
repair cost, the liability, etc. can be found in reports of insurance companies, law offices and
expertise bureaus, since they are appointed to deal with damage claims. However, the existing
information is not fully used to prevent similar mistakes and to limit the number of damage
claims in the future, since there is no harmonized data collection, no classification, no structure
and no consent in processing the data.
In different countries, initiatives have been taken to create databases on building pathologies.
‘Système de collecte des désordres’ (France), ‘Danish Building Defects Fund’ (Denmark),
‘Defect Action Sheet’ (United Kingdom), ‘Patorreb’ (Portugal) and ‘Learning from Mistakes’
(Italy) are only a few initiatives where countries create databases on building pathologies. The
CIB (International Council for Research and Innovation in Building and Construction) is a
worldwide network concerned with the exchange of information to learn from past and current
building pathologies. It achieves what the previously mentioned countries do at national level,
on an international level.
Statistical analysis of these data may reveal unidentified patterns and provide insights on the
dominant failures in terms of building component, type of damage, cause, time of occurrence,
geographical location, building exposure, cost, and the like. Consequently, these insights may
help in identifying aspects that need attention, additional guidelines, quality assurance
protocols, or prevention, in order to reduce the failure cost in the building industry. This is of
great importance since building defects often lead to discussions, and generate high costs, time
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delay, reputation damage, litigations and decreased sustainability.
For property developers, architects and construction managers, the results of the analysis
may provide a series of lessons on the critical aspects in order to minimize building defects.
The insights derived from the analysis can be used by building professionals, leading to
innovative ideas regarding materials, design concepts and construction methods. As a
consequence, the quality of the buildings can be enhanced. Higher quality implies better
durability, longer service life, lower life cycle cost, lower waste production, and higher
sustainability.

2 Methodology
A qualitative and representative dataset is a prerequisite for statistical analysis to derive
conclusions that can be extrapolated to the Belgian building industry. The analysis presented in
this paper was based on the database of the largest Belgian insurance company in the building
industry (containing 27 074 documented cases), representing the larger share of architects and
engineering offices in that field.
Firstly, data are extracted from the insurance company’s database, recoded and cleaned. The
cleaning of the data is not discussed in this paper, but proved to be essential for the quality of
the final dataset and analysis. Note that no statistical data-imputation for missing fields was
done. A second step concerns the selection of the statistical tests and their graphical
representation in the search for statistical correlations, associations and differences. Because of
the size of the database (26 392 cases remaining after cleaning the database), it could be
assumed that the variables are normally distributed and parametric tests can be performed
(based on the Central Limit Theorem (CLT)). However, since the database contains a high
number of outliers and extreme values and some combinations in the subdivisions contain a
limited number of cases, the CLT cannot be applied for a more in-depth analysis. Therefore,
non-parametric statistical testing is executed.
The following three tests are used: Spearman correlation, Χ² and Kruskal-Wallis. The focus
is on the detection of correlations, trends and differences for the level of occurrence, cost and
time. The trends and statistical differences are discussed and interpreted in chapter 4, Results.
Finally, the last chapter provides some conclusions and future perspectives.

3 The Database
The database from the insurance company contains 27 074 documented cases, which have been
processed and filed by either jurists or engineers between 1991 and 2019 working at the
company. Since jurists are not trained in building science, there is perhaps a possibility that
some damage cases are incorrectly diagnosed or documented in the database. However, for
technical more complex cases a construction expert is always consulted, and given that this
paper focusses mainly on the overall analysis, it is considered that this effect is negligible for
the analysis presented here.
It must be considered that unconscious selection bias is present, as the insurance company
mainly focuses on the insurance of the professional liability of architects and contractors.
Hence, failures in which an insurance company is not involved (e.g. contractor makes a mistake
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and repairs it) are not covered here. By consequence, the analysis does not provide insights into
the complete overall fault cost or construction failures. Nonetheless, this database is a relevant
sample of the real ‘population’ of construction failures, as it can be assumed that the more
complex cases are covered, and as well the important failures in terms of associated costs.

4 Results
4.1 Damage Categories
Using descriptive statistics, the occurrence hierarchy of the nine categories of damage is shown
in figure 1.

Figure 1. Distribution of the 9 categories of damage for 26 392 cases.

Five of the nine categories do not involve building defects and are therefore not further
discussed. The category ‘other’ will not be taken into account even though this category also
contains damages due to building defects. Due to the size of this category, we cannot analyze
each case individually. Thus this category is eliminated to ensure homogeneity. Four categories
remain: moisture problems, stability, cracking and residential nuisance (figure 2), containing
13 068 cases. Most building related damage claims are caused by moisture problems (49%).
Cracking, residential nuisance and stability have a similarly smaller share of 16-19%.
The distribution of the damage types within the different categories is also shown in figure
2. For moisture problems, the two mayor problems are concerning water infiltration in the roof
(24%) and the basement (21%), while all other problems only occur less than 10% of the time.
It must be noted that the subcategories contain labels according to location and type. This makes
it unclear how, for example, ‘condensation problems in the roof’ should be categorized.
For stability, the roof (27%) is the most affected apart from the 49% of cases which is
categorized as “General stability problems”. These general stability problems regard the general
load-bearing structures like walls, beams and columns with the exclusion of the separate
categories.
For cracking, the lack of a detailed categorization obstructs the opportunity for a more indepth analysis. Cracks could have been formed due to stability or moisture problems.
For residential nuisance, the damage is the most often categorized as sewage problems
(22%), defective material (12%), heating problems (11%) and finishing (11%).
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Figure 2. 4 categories of construction damage and their respective subdivisions for 13 068 cases.

4.2 Temporal Evolution of Claim Distribution
The number of claims evolves over time. Between 1991 and 2003, there is an almost constant
number of claims, then the number starts to increase until 2010 when it slowly decreases again.
The reason why numbers start to increase in 2003 is that the insurance took over a competitor
in that year. The decrease in claims starts a few years after the financial crisis in 2008, which
of course had an impact on the construction market. In addition, in 2008, a new law was also
introduced regarding the compensation of court costs: the losing party must pay the winning
party a fee to compensate juridical costs. In 2010, the insurance company also decided to
introduce prevention measures to cover contract initiations and contract problems and starts to
provide advice and assistance to the insured professionals when a rise of the imminent defects
can be noticed, which also might partially explain the decrease over the last decade. However,
it can be concluded that the overall number of cases in the database is affected by the company
structure, the variable market share over time, the work volume in the construction industry
(business cycle), evolution of construction standards and guidelines, prevention measures, and
the like. Although it is generally acknowledged that the introduction of the EPBD in 2006 has
had a clear impact on the building sector and changed building component compositions
drastically, it is yet unclear to what extent that change has resulted in an associated rise (learning
curve for new methods) or decline (more quality control and larger buffers) in failures.
When we look at the distribution of the types of damage per year, it is observed that the
percentages fluctuate over time. From 2001, an increase of ‘neighborhood damage’, is detected.
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The latest ten years a small decrease in the number of ‘site issues’ (measurement and
calculation errors, delivery problems, delays, budget exceedance,…) is noticed (figure 3).
When only the four main types of damage are considered (moisture problems, stability,
cracking and residential nuisance), we see that ‘moisture problems’ remains the most occurring
damage type.

Figure 3. Evolution of the distribution of types of damage over time.

4.3 Moment of Occurrence in the Building Process
Damage claims can occur at different times. The milestones considered here are the provisional
acceptance (PA), the final acceptance (FA), the fifth year after the final acceptance and the tenth
year after the final acceptance (the end of the ten-year liability period).
In figure 4 it is observed that in 47% of the cases, damage occurs before the provisional
acceptance and in 28% of the cases, damage occurs in the five years following the final
acceptance. It makes sense that there are almost no damages found after more than 10 years.
These cases are less relevant for the insurance company because there is only a 10 year liability.
There is only a 1 year difference between PA and FA, explaining the lower percentage (13%)
in this interval.

Figure 4. Bar chart: Distribution time (delivery).

The Χ² - test for ‘Damage’ and ‘Time delivery’ indicates various significances. Figure 5
shows that stability problems mainly arise even before the final acceptance has taken place and
that moisture problems mainly occur within five years after the final acceptance. Only 15% 25% of the cases are reported between five and ten years after the final acceptance. Therefore,
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from these data, it can be concluded that stability problems occur early in the construction
process and that cracking and moisture problems arise later.

Figure 5. Analysis of time of occurrence in the building process (delivery) for the 4 main categories

Next, the four main categories are considered separately and conclusions are drawn for
aspects for which relevant significances were found. No extreme exceptions are found for
moisture problems. Water infiltration of roofs and basements occurs in more than 30% of the
cases before the final acceptance. At first sight this appears to be in contrast to the general
conclusion above on the occurrence of moisture problems. However, it should be noted that
these building components typically adopt a perfect barrier watertightness concept: flat roofs
and basements do not incorporate drainage or buffering systems which may result in a quick
appearance of building defects. Next to that, both building components are subjected to water
loads irrespective of co-occurrence of wind and rain events (resulting in wind driven rain loads
on buildings). Although cathedral roofs typically include drainage systems, moisture mass
buffering is not present. Rising damp occurs in 30% of the cases between five and ten years
after delivery, while for the other moisture problems this is only around 20%-25%. Thus rising
damp is a phenomenon that takes more time to develop, while water infiltration to roofs and
basements occurs rather quickly.
For stability, it is observed that for the subcategories collapses, stability problems of
foundations, and roofs, more than 50% occurs before final acceptance. On the other hand, for
the stability of vaults and floor slabs this is between five and ten years after final acceptance.
Collapses are probably mainly attributed to demolition and renovation works.
It seems remarkable that residential nuisance is already reported before the provisional
acceptance (figure 5). However, this result can be explained by looking more in detail to the
specifications of residential nuisance (figure 6). Damage related to finishing, color, aesthetics
and pure non-material damage occur mainly before the provisional acceptance. These defects
are detected when the material is supplied or when the construction is still in progress. As
expected, corrosion and moss growth occur later in time.
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Figure 6. Specification residential nuisance versus time of occurrence (delivery)

4.4 Damage and Type of Settlement
The type of settlement reveals information on the complexity. There are three types of
settlement: Amicable settlements without appointment of experts, amicable settlements with
appointment of experts and juridical files with appointment of lawyers. An amicable settlement
of a dispute is a settlement that satisfies both the parties. Juridical files are generally speaking
more difficult. The different categories all have about the same amount of judicial files.
Therefore, the Χ² - test for ‘Damage’ and ‘Type of settlement’ indicates that specific types
of damage are more complicated than others. Since stability is more complex, it is less classified
as amicable settlements without the appointment of experts (only 18% of cases in this category)
than residential nuisance (32%), moisture problems (27%) or cracking (23%).
4.5 Time of Occurrence and Type of Settlement
The Χ² - test between ‘Time delivery’ and ‘Type of settlement’ shows a significant difference.
Damages occurring in the tenth year after the acceptance are mainly judicial files (56%) or
amicable settlements without appointment of experts (38%). The type amicable settlements
with appointment of experts is almost completely missing. This can be explained by the tight
timeframe for lodging the complaint: the ten-year liability is coming to an end. Therefore, if
necessary, it is classified as judicial, but if it can quickly be solved in an easy way, it is classified
as amicable settlement without appointment of experts.

5 Conclusions
The database analyzed here comprises four main types of damage related to building defects:
moisture problems, stability, cracking and residential nuisance. It was concluded that moisture
problems, mainly water infiltration and rising damp, account for about half of the building
defects. Even though the number of damage claims evolves over time, water infiltration remains
the prominent claim. It must be noted that there are a lot of inconsistencies regarding the
categorization of the cases. The subcategories, for instance, contain labels according to location
and type. This makes it unclear how certain cases should be categorized.
Some types of damage are more complex than others. Stability is more complex since they
are less classified as amicable settlements without the appointment of experts than residential
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nuisance, moisture problems or cracking.
Most problems occur before the final acceptance. When we look at each type of damage
individually, we notice that each type of damage occurs at different times. Moisture problems,
cracking and residential nuisance occur later in time, compared to stability problems. Within
the cases considering stability, especially collapses or damage arising at the foundations are the
ones to occur before the provisional acceptance. For the cases considering moisture problems,
rising damp occurs later than all other types of water damage.
For damages occurring in the tenth year after the acceptance, there are almost no amicable
settlements with appointment of experts. This can be explained due to the tight timeframe for
lodging the complaint, the ten-year liability is coming to an end. Therefore, if necessary, the
complaint is classified as judicial, but if it can be easily solved, it is classified as amicable
settlement without appointment of experts.
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Abstract. The significant growth of the building stock in the 20th century allied to the low rate of
building retrofitting over the last years results in the current low conservation level of the Portuguese
building stock. The building natural aging, associated with the lack of planned maintenance actions and
the climate changes consequences contributed to accelerating the degradation of building materials in
the existing buildings, leading to a poor conservation of Portuguese public building stock. So, to extend
the service life of the materials, the application of appropriate maintenance actions is imperative. This
work aims to assess the building performance and to prioritize the maintenance actions employing Key
Performance Indicators using Building Information Modelling (BIM) as a supporting tool for building
condition assessment and maintenance management. To achieve these goals the following methodology
was applied to a case study: 1)Building Information Collection; 2) Building Life Cycle Cost Estimation,
and 3) Automated calculation of Building Performance Indicator supported by BIM, using Revit
software and Dynamo programming. The application of this maintenance management automated
strategy shows the importance of BIM in Facility Management; permits the model's permanent update
of information decreasing the probability of information loss and the consequent investment in data
collection, and has high potential to prioritise the building maintenance actions, extending the materials
service life and building durability.
Keywords: Building Condition Assessment (BCA), Key Performance Indicators (KPIs), Building
Service Life, Durability, Dynamo, Building Information Modelling (BIM).

1 Introduction
To slow down the buildings` degradation processes and consequently the increase of the
materials lifetime is essential to implement suitable, cost-benefit maintenance actions through
cost and time effective maintenance management systems. A consistent building performance
evaluation taking advantages of quantifiable tools to evaluate Building Condition Assessment
(BCA) is crucial to meet an efficient and sustainable maintenance strategy in the scope of the
Facility Management (FM) (Abbot et al., 2007; Marmo et al., 2019).Therefore, the main
objective of this work is to assess the building performance by the integration of KPIs in a BIM
software - the Autodesk Revit - and through this software to prioritize the maintenance actions
in a practical and automated way. These KPIs were applied to the building of the Civil
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Engineering Department of the University of Aveiro to support FM systems and maintenance
planning. For this purpose, the research pursued a methodology with the following steps: 1)
Building information collection; 2) Building Life Cycle Cost estimation; 3) Automated
calculation of BPI supported by BIM, using Revit software and Dynamo programming. This
study contributes to optimize the maintenance management of the Aveiro’s University campus
and to provide an easy instrument to prioritize maintenance, based on existing and reliable
performance metrics and leveraging new technologies like BIM. In the next sections, some
important concepts are approached to understand the methodology applied that is presented and
validated by applying them to a case study. In the end the results are presented and discussed.

2 Conceptual Review
According to Crawford (2011) and Ngwepe et al. (2015) there are six building life cycle stages,
consuming the last three stages, namely the construction, operation and demolition,
approximately 15% of world’s freshwater resources, 36% of the world’s energy; and produce
about 40% of the world’s greenhouse gas emissions (Ngwepe, 2015; Maslesa et al., 2018; IEA,
2020). As almost all the buildings have a lifespan of over 50 years the operation stage is the
longest, during which the performance of buildings relies on the proper operation and
maintenance (O&M) (Lai et al., 2007). For this purpose, the continuous monitoring at regular
intervals is needed to identify indicators that precede failures and to perform necessary
maintenance work at the right time. So, the so-called predictive maintenance starts with the
BCA, which can be monitored by parameters that indicate the performance level, detecting
early signs of failure leading to the beginning of maintenance procedures (Selcuk, 2017;
Bortolini; et al., 2016).
2.1 Building Condition Assessment
Building Condition Assessment (BCA) should be the basis for management and maintenance
decisions in the built environment towards sustainable construction (Abbot et al., 2007). BCA
techniques have been studied and should be applied to measure assets performances during their
service life, to consequently maintain them most effectively (CEN/ TS 17385:2019; Dejaco et
al., 2017; Wahida et al., 2012). According to Dejaco et al. (2017) and Marmo et al. (2019) to a
BCA successfully oriented, the KPIs are the best way to measure the buildings' performance
allowing to have accessible and useful information about buildings and their parts.
2.2 Key Performance Indicators (KPIs)
KPIs system aims to provide a measure of current performance and a clear statement of
performance targets, as well as an evaluation of performance progress (Maslesa et al., 2018).
Building owners claim KPIs, mainly to understand the conditions of their assets and
consequently, to allocate a suitable budget for maintenance or refurbishment and support their
maintenance choices. Accordingly, the importance of measuring building performance through
KPIs have been emphasized (Marmo et al., 2019). Nevertheless, these methodologies mostly
tend to evaluate the performance of the whole building and not the single components, mainly
using analyses of users’ satisfaction. For this reason, a Building Performance Indicator (BPI)
was chosen for this study application, since it evaluates the performance of buildings and its
systems.
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2.2.1 Building Performance Indicator
The Building Performance Indicator (BPI) was developed by Shohet (a) et al. (2003); Shohet
(c) (2003) Shohet (2006). A value between 0 and 100 defines this indicator, that expresses the
building’s state, by the performance evaluation of its various systems (Pn). The BPI is obtained
by equation 1.
(1)

BPI= ∑𝑛𝑛 𝑃𝑃𝑛𝑛 × 𝑊𝑊𝑛𝑛

Where:
BPI - Building Performance Indicator (on a scale of 0-100):
Pn – Performance level for system n (on a scale of 0 to 100) as determined by equation 2.
Wn – Weight of each building system n, as determined by Life Cycle Costs (LCC).
The BPI value indicates the performance level of the building studied, according to the
followed categories: BPI>80 indicates that the use of the building, and its subsequent
performance, are good or better; 70<BPI<80 indicates that the state of the building is such that
some of the systems are in marginal condition; 60<BPI≤70 reflects the deterioration of the
building; BPI < 60 means that the building is run-down.
Each building’s system is evaluated according to three criteria: actual physical performance
of the systems (Cn); frequency of failures in building systems (Fn); and actual preventive
maintenance carried out on the systems (PMn) and their correspondent weights W(C)n, W(F)n
and W(pm)n. The combination of these three elements represents the performance level of the
entire system (Pn) (Equation 2). This indicator has an economic component since it depends on
the LCC.
𝑃𝑃𝑛𝑛 = 𝐶𝐶𝑛𝑛 × 𝑊𝑊(𝐶𝐶)𝑛𝑛 + 𝐹𝐹𝑛𝑛 × 𝑊𝑊(𝐹𝐹)𝑛𝑛 + 𝑃𝑃𝑃𝑃𝑛𝑛 × 𝑊𝑊(𝑝𝑝𝑝𝑝)𝑛𝑛

(2)

For every system n, the sum W(C)n + W(F)n + W(pm)n = 1.
Also, Pn and its components are graded according to performance scales between 0 and 100,
like BPI. The weighting of each building system (Wn) is accomplished by weighting the
contributions of the system’s components to the total cost erection, maintenance, and
replacement. The selection of this indicator is related to its reliability, and because it was
previously validated by 6 experienced facility managers in maintenance (Lavy & Shohet, 2004).
2.3 KPIs integration within Building Information Modelling
According to ISO 29481-1(2014) BIM is a shared digital representation of the physical and
functional characteristics of any built object, to facilitate design, construction and operation
processes to form a reliable decision basis. In FM, BIM includes unified information base,
consisting in a Big Data database, providing a building owner’s manual, useful support for
analysis, support for emergency response, security management and scenario planning (IFMA,
2013; Rodrigues et al., 2019). Revit is a BIM software offering a multi-disciplinary and
collaborative approach to the design and construction process. To add extra functionalities to
import/export data parameters from Revit to Excel, Dynamo tool can be used, as an add-in for
extending Revit’s parametric functionality and information retrieval (Autodesk Dynamo, 2020;
Sadeghi et al., 2019). Aboumoemen et al. (2017) verified that the linkage between BIM and
KPIs to measure the building performance is an untimely task. So, in the present study, the
potential of the linkage between BIM and KPIs to demonstrate the agility of the FM strategy
researched is explored and verified.
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3 Case Study
After the theoretical approach, the automated building performance indicator calculation and
its extraction were applied to the Civil Engineering Department of Aveiro’s University, built in
2004/2005, located in Aveiro, mainland Portugal.The methodology applied is described in the
following points.
3.1 Building Information Collection
The Civil Department of Aveiro’s University aims to provide an educational environment for
its students and professors. With a plan area of 1613 m2, it is a building with four floors, one
below the ground floor and three above the ground level, including the ground floor. Its main
facade has a northeast orientation. Figure 1 is a plan of Aveiro’s University Campus of Santiago
representing in yellow the case study building location. The structural foundations are in
reinforced concrete piles. The major part of the structure (columns and beams) are metallic, and
the slabs are in reinforced concrete. The roof structure consists of steel columns and beams and
tubular sections that support the metallic tile. The rainwater drainage system is characterized
by galvanized zinc gutters and the dropp tubes in PVC-U. In terms of building interior finishing,
the floors are in vinyl coating in the classrooms, and in the professors’ offices the floor coating
is in cork mosaic. The ceilings are mainly covered with plasterboard painted and in exposed
concrete. The exterior doors and windows are in metallic profiles. In Figure 2, it is possible to
observe a 3D model of the civil engineering department developed in Revit by Tavares (2019).

Figure 1. Building location in Aveiro’s
University Santiago Campus.

Figure 2. Revit model of the Civil Engineering Department of
Aveiro’s University (Tavares, 2019).

To understand the current periodicity of maintenance actions and to identify the main
building anomalies, interviews with employees, lecturers and pivots in charge of management
and maintenance of the building were carried out. The building plans, elevations, costs
estimation and maintenance records were requested. Afterwards, a building inspection was
accomplished and a report related to the assessment of buildings' deterioration state was done.
Then, a set of building systems was selected to be evaluated by Pn’s criteria such as windows,
roofs, structural framing, structural columns, interior and exterior walls, mechanical and safety
equipment, doors, drainage system, electric system, and lifts.
3.2 Building Life Cycle Cost Estimation
The economic contribution of each building system (Wn) selected to include in the BPI was
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calculated by life cycle cost estimation. The contribution of each building system was given in
percentage for the three alternative scales to include in BPI calculation: 1) Construction costs,
2) Maintenance Costs index, 3) Life Cycle Cost index. Despite being an essential step of this
study, the results obtained in this step are not herein presented since it is out of this paper focus.
3.3 Automated Evaluation of BPI Supported by BIM
In this step, the integration of BPI into the Revit software with shared parameters and resourcing
Dynamo to extract them as a final value to Microsoft Excel took place. In Revit software, the
shared parameters are parameters attributed to the different object families with several types
of information, which in this case allows associating the Cn, Fn, PMn, Wn(Cn), Wn(Fn) and
Wn(Pmn) criteria and its contribution to each family objects. After the parameters attribution
and based on the building inspection and the LCC calculated in the previous step of this
methodology, it is possible to attribute to each system a quantifiable evaluation and contribution
as depicted in the Revit schedule, automatically extracted, in Figure 3.

Figure 3. Revit schedule with the parameters' values of the Building Performance Indicator.

The extraction of global values of each parameter for each building system to an Excel file
is an essential task, after this one, to calculate the final value of the BPI. This task was
accomplished through Dynamo programming tool.

a)

b)
Figure 4 – a) Selection of parameters to be extracted and the calculation of the global value of each one. b)
Piece of work from visual programming in Dynamo BIM to extract parameters from every category.

The interaction between the three software pretends to take advantage of its interoperability
(Revit-Dynamo and Excel), to create an automated method that allows prioritizing maintenance
actions. Thus, the Dynamo BIM allows selecting the category of elements and the parameters
which is pretended to extract, generating the global value of each parameter correspondent to
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each category of elements. Figure 4 shows part of the visual programming developed on the
interface of Dynamo BIM software.
Then, the contribution of each element calculated for the total LCC in step 2 was included
in the Excel sheet. After this, the BPI was calculated as presented in Figure 5.

Figure 5. Excel file with parameters and categories exported from Revit software by Dynamo software and BPI
calculation.

3.4 Results Analysis
The value of the BPI obtained indicates the deterioration level of the building, meaning that
preventive and break-down maintenance activities must be carried out since the value obtained
is between 60<BPI≤70, according to the anomalies detection during the building inspection.
Besides being a global performance indicator of the building, the BPI also allows defining the
priorities of the maintenance actions about the building’s systems. The Pn indicator should
establish the intervention action priority of the systems. Through Figure 5, it is possible to
observe that the HVAC system (Mechanical Equipment) has the lower Pn indicator, indicating
that is the one that needs more urgent maintenance actions (preventive and corrective), followed
in the second place by the roof system, and then by the windows framing, which is according
to the building inspection done.
3.5 Application of “Color Splasher” to BIM Model
To simplify the maintenance management process, the values obtained in Figure 5 were
categorized by colours, resourcing the color splasher BIM plug-in, which allows a quick
recognition about building condition systems as it is presented in Figure 6.
The colour categorization to express the actual system’s condition was done, in which red
colour indicates urgency in system intervention and green colour indicates the satisfactory
condition of the system.
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Figure 6. “Color splasher” application to 3D View of the building model.

With Figure 6, it is possible to observe easily and quickly that HVAC system, roof system,
and windows framing are the ones that more urgently need maintenance actions, as mentioned
above.

4 Final Conclusions
The methodology developed is innovative because it allows collecting and analyse the diversified
information about building systems condition, permits calculating the systems' and the whole
building`s performance in an automated way. This calculation is possible through shared
parameters attributing the BPI parameters to Revit object families, and through interoperability
Revit-Dynamo-Excel. Besides that, to facilitate the process of setting priorities of maintenance
actions, the maintenance priorities were categorized by colours in the BIM model.
This methodology can be applied to any building typology and it is very relevant because its
application allows prioritizing the maintenance actions in existing buildings, optimizes the
building information sharing and facilitates building anomalies record and analysis. Moreover,
its application leads to the easier building life cycle information retrieval, contributing to facility
managers time and money-saving. The evaluation of systems performance leads facility
managers in identifying anomalies early enough to minimize the impact of operational
interruptions. So, faster maintenance processes and shorter periods of information disruption
by using BIM was proved, and it motivates the FM implementation, which contributes to
increasing the materials service life.
As a future study is proposed the development of an assessment approach, based on a set of
KPIs, for measuring environmental building performance and green maintainability.
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Assessment of Building Resistance to Accidental Actions in the Social
Aspect of Sustainable Construction
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Abstract. In the article is considered one of the categories of social aspect of sustainable construction
as specified in the standard EN 16309:2014 - namely: safety and security. The authors analyzed the
component of the above-mentioned category with a subcategory called: resistance of buildings for
accidental actions. The assessment criteria are: earthquake resistance, explosion resistance, fire
performance and traffic impacts. A model of building's assessment of random interactions is presented,
which will allow to make comparisons of the object's safety in the investigated ranges with other
residential buildings, as well as with a reference building.
Keywords: Social Aspect, Security and Safety, Sustainable Construction, Accidental Actions.

1 Introduction
Civil engineering is one of the main branches of the economy in which the goals of sustainable
development are realized. According to (ISO 15392, 2008), three main aspects have been
identified in sustainable construction: environmental, social and economic. Due to a number of
studies and publications related to both the environmental and economic aspects, the authors
focused on finding a model for assessing the social aspect, which is important for the user's
comfort and health, especially in residential buildings (Yılmaz and Bakış, 2015).
Assessing the social aspect of a building is a difficult process. Only part of the assessed
elements of the considered criteria can be quantified, compared with the parameters specified
in legal acts and standards. On the other hand, such assessment allows to determine whether the
object meets the examined criteria, thus allowing to obtain information about the facility's
ability to meet the needs and expectations of users.
In this study, one of the subcategories of the sixth category (K6) of social assessment
regarding safety and security will be discussed and developed. Category K6 Safety and security
consists of four subcategories, which include: K61 Resistance to climate change, K62 Safety and
security against accidental actions, K63 Safety and security against intruders and vandalism
and K64 Security against interruptions of utility supply (EN 15643-1, 2011), (EN 15643-3,
2012). The subgroup that the authors presents concerns on K62 Safety and security against
accidental actions, which consists of four criteria that will be included in the proposed
assessment: K621 Earthquake (rockburst mining), K622 Explosions, K623 Fire resistance and K624
Resistance to dynamic external actions (Fig. 1). This publication is part of the work, which aims
to present a comprehensive method of assessing the social aspect of sustainable construction.
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2 Subcategory 𝑲𝑲𝟔𝟔𝟔𝟔 Safety and Security Against Accidental Actions

The safety and security category is a measure of the building's ability to withstand current and
future anticipated loads such as: rain, strong wind, snow, flood, fire, earthquake, explosion,
landslide, etc., as well as protection against vandalism and crime and safety during use. It is a
measure of the ability of buildings to provide safe shelter during exceptional events that may
affect user safety.
In random impacts is assed building resistance (protection / forces / deformation / stability
and safety) against accidental loads resulting from one-off events, e.g. earthquakes, explosions,
fire and traffic, and their secondary effects (e.g. projectiles, toxic gases, crushed glass, etc.).
Figure 1 shows the division of the subcategory Safety and security against accidental actions
(𝐾𝐾!" ), which is a component characterizing the Safety and security (𝐾𝐾6 ) category (EN 16309,
2014+A1). 𝐾𝐾!" is assessed by the criteria marked later in the article by the symbols 𝐾𝐾!"$ ÷ 𝐾𝐾!"% .
For the assessment of the criteria a discrete five-point scale was adopted, in which the most
advantageous solution will assume the highest value equal to 5 (Radziejowska, 2018).

SOCIAL ASPECT

K1 Accessibility
K2 Adaptability

K3 Health and
comfort
K4 Impact on
neighbourood
K5 Maintenance &
maintainability

K6 Safety and
security

K61 Resistance to climate
change

K62 Safety and security

against accidental actions

K621 Earthquake (rockburst)

K622 Explosions

K63 Safety and security against
intruders and vandalism

K623 Fire resistance

K64 Security against
interruptions of utility supply

K624 Resistance to dynamic external
actions

Figure 1. Fragment of the base structure of the criteria included in the proposed assessment (own elaboration).

3 Determining the Method of Evaluation of the Criteria
3.1 Determining the Scale of Parameter Values Characterizing the Criterion 𝑲𝑲𝟔𝟔𝟔𝟔𝟔𝟔

Criterion 𝐾𝐾$%& Earthquake resistance; rockburst mining should be assessed through the use of
protective measures in the building, which can be implemented by increasing structural
stability, assembly of elements ensuring flexibility and shock resistance, resistant to breaking
glass or alarm systems and gas and water shut-off valves.
Poland is located outside the areas of active tectonic plates, it is classified as aseismic zone.
The specificity of our country, and more specifically the areas of mining basins, is the
occurrence of paraseismic shocks, which are a consequence of underground mining operations.
The phenomenon during which rapid destruction of the rock structure surrounding the
excavation occurs as a result of exceeding their strength is called rockburst. The effect of such
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a dynamic phenomenon in the rock mass (rapid rock relaxation) is the emission of vibrations,
i.e. the seismic shock effect. Shock (seismic) waves propagate to the surface, which induce
vibrations of buildings (Fig. 2 &3).

Figure 2. Cracks formed in a residential building in
post-mining areas, around Bytom in Poland,
22/05/2011.

Figure 3. The uncontrolled dilatation of the building
was created as a result of post-mining burst, around
Bytom, 22/05/2011.

At the Central Mining Institute has been developed so-called Mining Scale of Intensity
(Barański, 2014) for the area of the Upper Silesian Coalfield, based on the correlation of
observed effects in buildings with the values of vibration parameters - so this is an empirical
scale. The shock parameters necessary to assess the degree of vibration intensity on the surface
for the GSIGZWKW-2012 scale are: the amplitude of the vibration speed and their duration.
Based on the existing GSIGZWKW-2012 scale, concerning the level of nuisance and related
technical requirements necessary to be implemented shall be assessed the building's resistance
to earthquakes (rock bursts) - criterion K $%& - depending on the determined shocks according
to a 5-point scale with levels with the following meaning: 5 - imperceptible nuisance, 4 - low
nuisance, 3 - medium nuisance, 2 - high nuisance, 1 - very high nuisance (Table 1).
Table 1. Assessment of building resistance depending on the established level of nuisance and technical
requirements for objects located in mining areas.

Scale of
Nuisance level
Technical
evaluation
requirements fulfilled
Level 0
Level I
Level II
Level III
Level IV
5
Fulfilled technical requirements for the considered level
4
X
3
X
2
X
1
X
- not fulfilled technical requirements
+ technical requirements fulfilled

3.2 Determining the Scale of Parameter Values Characterizing the Criterion 𝑲𝑲𝟔𝟔𝟔𝟔𝟔𝟔

Criterion 𝐾𝐾$%% Explosions, similarly to the previous one should be assessed by the applied
protective measures or avoiding the use of explosive gases in buildings, installation of breakproof glass and separation of shelters inside
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During the operation of residential buildings, there are two causes of disasters caused by
explosions:
─ gas explosion
─ terrorist attack.
Construction disasters caused by an explosion are not common events, however, the
consequences they carry are disproportionately high (Koccaz, Fatih Sutcu i Torunbalci, 2008).
In both causes of explosions in buildings, the method of protection should be similar and
consist of the use of solutions that increase the building's resistance in this type of threat
(Table 2).
Table 2. Assessment of residential buildings resistance to explosions.

Scale
5
4

Wired gas
without
with valve
valve
+
+

3
2
1

+

Propane-butane gas
without
with valve
valve
+
+

Gas
detectors
+
+
+
+

Construction
no
resistant
resistant
+
+
+

+

+
+

3.3 Determining the Scale of Parameter Values Characterizing the Criterion 𝑲𝑲𝟔𝟔𝟔𝟔𝟔𝟔

The next criterion for the assessed subcategory is 𝐾𝐾$%( Explosions. In order to improve fire
resistance, fire resistance of materials of higher classes than recommended can be used, which
will improve the load-bearing capacity, integrity and / or insulation performance of building
elements, improve access for fire brigades, make evacuation routes taking into account the
needs of people with disabilities, install warning systems, smoke detectors, fire extinguishing
systems in public areas, separate fire-cutting zones for the spread of fire, use fire-resistant
products in places most exposed to fire (Fig. 4) (Phan, McAllister i Gross, 2010).

Figure 4. Fire extinguisher
placed in the underground
garage of a multi-family building
02/02/2016.

Figure 5. Entrance to the
underground garage with a display
informing about the concentration of
carbon monoxide 12/06/2016.

Figure 6. Emergency exit from
the underground garage in a
residential building 11/10/2016.

An important element is also the users' awareness of the measures used in the event of
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random events, which should be implemented by e.g. placing appropriate instructions in the
common parts regarding evacuation or operating instructions for the use of fire-fighting
equipment (Fig. 5&6).
For the assessment of Fire safety - criterion 𝐾𝐾$%( - depending on the established safeguards,
as in previous, a five-degree discrete scale was adopted, as is shown in Table 3.
Table 3. Fire safety assessment of buildings 𝑲𝑲𝟔𝟔𝟔𝟔𝟔𝟔 .

Scale
5
4

The degree of compliance with the requirements according to the Table 3
4 + 1 met to a
3 + 2 met to a
2 + 3 met to a
1+4 met to a
All 5 met
limited extent
limited extent
limited extent
limited extent
+
+

3

+

2

+

1

+

Where the requirements are:
1.
The proper load-bearing capacity of the structure in a timely manner after the fire
2.
Limiting the spread of fire and smoke in the building
3.
Limiting the spread of fire to neighboring buildings
4.
The possibility of evacuating people
5.
Ensuring the safety of rescue teams (Infrastructure, 2002 and its subsequent amendments)

3.4 Determining the Scale of Parameter Values Characterizing the Criterion 𝑲𝑲𝟔𝟔𝟔𝟔𝟔𝟔

The last criterion in this subcategory is 𝐾𝐾$%𝟒𝟒 Resistance to dynamic external actions, which can
be implemented by applying measures for increased resistance to traffic influences, among
which solutions such as: constructing barriers or strengthening the construction of building
facilities located in areas at risk (Fig. 7&8).

Figure 7. Tram line running right next to multifamily buildings, Lisbon 31/12/2015.

Figure 8. Tram line and busy two-lane road in the
Borek Fałęcki district in Krakow, 25/10/2016.

After consultation with an expert in the field of the impact of vibrations on people and
buildings, it was assumed that the assessment of criterion 𝐾𝐾$%* should be carried out separately
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for both sub-criteria: The impact of vibrations on people (Table 4) i Impact of vibration on
buildings (Table 5). It was determined that the final value less favorable from both grades
obtained will be adopted.
Table 4. The impact of vibrations on people.

a < adop for a < adop for a= adop for a= adop for a < adop dla for a < adop for
direction x & y direction z
direction x & y direction z direction x & y direction z
5
+
+
+
+
4
+
+
3
+
+
+
+
2
+
+
1
+
+
where:
a – measured vibration acceleration
adop - limit values for vibration acceleration

Scale

Assessment of the impact of vibration transmitted through the ground to buildings,
depending on the determined vibration results, a discrete five-degree scale with levels was
adopted with the following meaning:
5 – imperceptible vibrations,
4 – noticeable but harmless,
3 – harmful,
2 – highly harmful (danger to the building and people's safety),
1 – causing building failure.
Table 5. Impact of vibration on buildings.
Scale
5
4
3
2
1

Zone I

Impact of vibration on buildings
Zone II
Zone III
Zone IV

Zone V

+
+

+
+

+

4 A Method Proposal for Assessing Building Resistance to Random
Influences
The authors while developing the classes of standards in the assessed criteria for selected
categories used, among others:
─ national standards and regulations on technical conditions to be met by buildings and
their location,
─ expert research,
─ direct surveys conducted among users,
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─ in situ research.
The proposed method assesses both quantitative and qualitative features. Qualitative
features had to be processed into quantitative form by using the appropriate mathematical
apparatus, e.g. fuzzy sets. Then all values were processed into non-denominated values, finally
all criteria are evaluated using a discrete 5-point Likert scale, which allows comparison of
features that were initially found in different physical measures. In addition, developing a
method for quantifying grades required determining the weighting of the criteria. The final
characteristics of the selected subcategory of the social aspect of the building is expressed in
the form of a scalar function taking into account the weight of each criterion.
The vector below characterizes the subcategory (𝐾𝐾$% Safety and security against accidental
actions) of the social aspect together with the matrix of weights assigned to it.

[
= [l

O26 j = o26,1 o26, 2 o26,3 o26, 4
L62 j

where:

6
2,1

l62, 2 l62,3 l62, 4
k

subgroups characterized
particular group requirements
i = 1, …, mk

o ij

]
]

(1)
(2)

a group of requirements
k = 1, …, 6

feature describes the selected subgroup
j = 1, …, ni

In the presented assessment it is proposed to use a corrected summation index (3), thanks
to which a scalar function can be easily formulated, which allows the obtained result to be
unequivocally interpreted.
ni

O = å oijk lijk = oik1 lik1 + ! + oink i link i
k
i

(3)

j =1

where:
𝑜𝑜+,
= (𝑜𝑜+&
, … , 𝑜𝑜+.
+ − vector of the assessed features of the subgroup and,
)
/

𝜆𝜆-+, = (𝜆𝜆-+& , … , 𝜆𝜆-+.) + − weight vector for features included in the assessment.

The above calculations should be made for the tested building as well as for the reference
building. The reference building (reference building) will be treated as a hypothetical building
designed in accordance with applicable standards and common practice and having the same
technological, construction and functional parameters as the building being assessed. The
reference building is to be used for carrying out comparative calculations with the analyzed
object (Owczarek, 2006) .
The obtained values should be compared with the assessment obtained by the reference
object, which will allow to assess how well the examined object is assessed in the scope of this
subcategory. The information obtained from the calculations will indicate the weakest features
that the analyzed building has, which will allow it to take appropriate action in the
refurbishment policy in the future (Radziejowska, 2018).

5

Conclusions

The method of standardizing subcategory evaluations proposed in the work on the example of
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K62 is a contribution to the unification of the assessment of social performance of sustainable
construction. The established threshold values, the adopted scale of assessments for the
considered criteria, as well as the weights assigned to individual criteria and subcategories are
largely based on expert research.
The presented method of assessing the social aspect of sustainable construction based on the
example of subcategory K62 allows to make a comparison regarding the building's resistance to
random events between the tested building and the reference object, as well as between
buildings made in different technologies. In the longer term, it will determine the scope of the
planned refurbishment of the building, and may also be helpful in valuing the property.
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Behaviors of Concrete with Recycled Clay Brick as Fine Aggregate
Wencui Yang, Xiaoping Cai and Duojie Jiangjiu
School of Transportation Science and Engineering, Harbin Institute of Technology, 73 Huanghe Road,
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Abstract. Massive waste materials were produced by the construction and demolition industry every
year. In residential constructions, clay bricks are a dominant material and they account for a large
proportion of construction and demolition waste. Using crushed bricks in cement concrete is an
effective way to preserve natural aggregate and to reduce construction and demolition waste. The
mechanical properties, the permeability and the carbonation resistance of concrete with recycled clay
brick as fine aggregate were studied in this paper. The results showed that the compressive strength,
the flexural strength and the impermeability of concrete decreased with the increasing of the
replacement percent of recycled clay brick. However, the permeability of concrete with the water to
cement ratio of 0.35 was still at the “Low” level when the replacement percent was less than or equal
to 75%. The carbonation resistance of concrete using recycled clay bricks as fine aggregate was
degraded.
Keywords: Construction and Demolition Waste, Fine Recycled Aggregate, Clay Brick, Durability.

1 Introduction
Vast amounts of waste materials are produced by the construction and demolition industry
every year. The volume of these materials has reached an unacceptable level from an
environmental, economic and social point of view (Vieira et al., 2016). In residential
construction, clay bricks are a dominant material, so they account for a large proportion of
construction and demolition waste (Crowther, 2000; Formoso et al., 2002). Since concrete is
the most widely used construction materials in the world, using crushed bricks in concrete is
an effective way to preserve natural aggregate and to reduce construction and demolition
waste.
Several studies have been conducted to investigate the potential of using clay brick as
aggregates. Poon and Chan (2006) investigated the possibility of using crushed clay brick as
aggregates in sub-base materials. A study by Lan Zong showed the permeability of water, air
and chloride ions increased when recycled coarse aggregates were used. Additionally, the
recycled concrete containing clay brick waste had increased porosity and exhibited a loose
paste matrix (Zong et al., 2014). Schackow used a powdered（<45μm）fired clay brick clean
waste to replace Portland cement, and 28 and 90 days-compressive strength, water absorption,
apparent porosity, absorption by capillarity, chloride retention, carbonation depth and sulphate
resistance were evaluated. According to the results, they suggested that a moderate clay brick
clean waste addition (up to 10 wt.%) is desirable if a comparable workability is desired
(Schackow et al., 2015). Adamson’s research (2015) showed that the natural coarse
aggregates can be replaced by crushed bricks, without significant change in the durability of
concrete when the steel is not present. However, when concrete is reinforced with steel,
replacing natural aggregates with crushed brick is not recommended. Bektas’s study (2009)
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indicated that as the brick replacement level increased, the mortar flow ability reduced. The
10% and 20% brick replacements had no negative effect on the mortar compressive strength
and very limited effect on the mortar shrinkage.
This paper reports a study with the aim to investigate the mechanical properties and
durability of concrete with recycled clay brick as fine aggregate. By conducting a sort of
laboratory experiments, the compressive strength, flexural strength, permeability and
carbonation resistance of concrete with recycled clay brick were studied.

2 Experimental Program
2.1 Materials
Ordinary Portland Cement (P·O 42.5) was used in accordance with China National Standard
GB/175-2009, and Table 1 summarized its properties.
Table 1. Chemical and physical properties of cement.

Initial setting time
(min)

Final setting time
(min)

190

250

Tensile strength
(MPa)
3d
28d
4.2
7.1

Compressive strength
(MPa)
3d
28d
22.9
43.8

Natural river sand was used as fine aggregate, the fineness modulus of river sand was 2.9.
Crushed limestone was used as coarse aggregate, and the grading of coarse aggregate is given
in Table 2. Recycled clay bricks were broken into pieces. And the grading of recycled clay
brick was controlled as the requirements of Chinese National Standard GB/T 25176-2010.
Table 3 and Table 4 show the properties and the gradation of the recycled clay bricks as fine
aggregate. A super plasticizer was used to adjust the workability of concrete.
Table 2. The grading of coarse aggregate.

Sieve pore size (mm)
Percentage (%)

19.0-26.5
25

16.0-19.0
25

9.5-16.0
35

4.75-9.5
15

Table 3. The properties of recycled clay brick.

Apparent density (g/cm3)
2.34

Packing density (kg/m3)
899

Close packing density (kg/m3)
994

Table 4. The grading of recycled clay brick as fine aggregate.

Sieve pore size (mm)
Percentage (%)

4.75
2

2.35
7

1.18
10

0.6
30

0.3
36

0.15
13

<0.15
2

2.2 Mix Proportions and Sample Preparation
The proportions of reference concrete with the water to cement ratio of 0.35 and 0.47 are
given in Table 5. The recycled clay brick was introduced as volume percentage of the

1776

Wencui Yang, Xiaoping Cai and Duojie Jiangjiu

concrete fine aggregate, and four levels of replacement, 25%, 50%, 75% and 100%, were
investigated.
Due to the high water absorption of recycled clay brick, it is suggested to soak the brick
aggregate in water prior to adding to concrete [Khalaf, 2005; Khalaf, 2006; Cachim, 2009].
Therefore, this procedure was adopted in this work for recycled clay brick. The recycled clay
brick aggregate was soaked in water for 24h and added to concrete mixture in a saturated
condition.
Table 5. Mixture proportions of reference concrete (kg/m3).

W/C
0.35
0.47

Water
175
175

Cement
500
372

Sand
629
702

Gravel
1106
1151

Super plasticizer
4.5
4.5

2.3 Methods
2.3.1 Mechanical properties
The compressive strength and flexural strength of concrete were tested at 28d age. The
compressive strength specimens with the size of 100mm×100mm×100mm and the flexural
strength specimens with the size of 100mm×100mm×400mm were tested in accordance with
the Chinese standard GB/T 50081-2002.
2.3.2 Carbonation resistance
The concrete cubes with the size of 100mm×100mm×100mm were casted, and the samples
were demoulded after 24h and cured in the standard curing condition until 28 days, then the
samples were placed in a carbonation chamber with the CO2 concentration of 20%, the
temperature of 20°C and the RH of 70%. The carbonation depth was determined at the start of
exposure and after 3, 7, 14 and 21 days according to Chinese standard GB/T 50082-2009.
2.3.3 Permeability
The permeability of concrete was measured at 28d age according to the Chinese standard
GB/T 50082-2009, and the size of specimen was φ100mm×50mm.

3 Test Results and Discussion
3.1 Mechanical Properties
Table 6 demonstrates the compressive strength and the flexural strength obtained from the
concrete samples with different replacement of recycled clay bricks. Each data represents the
average of three samples. It was observed that with the increasing of recycled clay brick
content, both the compressive strength and the flexural strength decreased. When the water to
cement ratio was 0.35, the compressive strength loss of approximately 20% at 28 days was
observed in concrete produced with 25% recycled clay brick replacement ratio. The reduction
in compressive strength was observed more significantly in concrete with 75% or more
replacement ratio as it decreased over 30%. The compressive strength of concerte with the
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water to cement ratio of 0.47 showed the similar change, and the decrease of compressive
strength was more than 30% when 25% recycled clay brick was added. It was shown the
replacement of recycled clay bricks had more influence on the concrete with higher water to
cement ratio.
Table 6. Mechanical properties of concrete (28d).

W/C

0.35

0.47

Replacement percentage
(%)
0
25
50
75
100
0
25
50
75
100

Compressive strength
(MPa)
51.8
42.3
41.5
35.2
32.3
48.3
33.2
31.2
26.8
24.3

Flexural strength
(MPa)
6.0
4.8
4.1
3.8
3.6
4.5
4.1
3.7
3.4
3.1

3.2 Permeability
The electric flux method was used to evaluate the permeability of concrete to chlorides, and
the results was described in Figure 1. It can be found that with the increasing of the recycled
clay brick content, the impermeability decreased. According to ASTM C1202, the
permeability of concrete to chlorides could be divided into 5 classes by charge passed, which
is shown in Table 7. When the water to cement ratio was 0.35 and the replacement percent of
recycled clay brick was less than or equal to 75%, the permeability of concrete could be
evaluated as “Low”. When the water to cement ratio was 0.47 and the replacement percent of
recycled clay brick was less than or equal to 25%, the permeability of concrete could be
evaluated as “Low”.
3500
0.35
0.47

Charge passed (C)

3000
2500
2000
1500
1000
500

0

20
40
60
80
100
Dosage of fine recycled aggregate (%)

Figure 1. Effect of the dosage of fine recycled aggregate on the permeability of concrete.
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Table 7. Chloride ion penetrability based on charge passed.

Permeability
High
Moderate
Low
Very low
Negligible

Electric flux（6h, C）
＞4000
2000-4000
1000-2000
100-1000
＜100

3.3 Carbonation Resistance
The effect of the dosage of fine recycled aggregate on the carbonation depth of concrete is
described in Figure 2. Generally, concrete with higher water to cement ratio has more pores,
and CO2 could get into concrete much easier through these pores. Consequently, the
carbonation depth increased with the increasing of water to cement ratio for all test age. The
carbonation depth also increased with the increasing of the test age and the replacement level
of recycled clay brick. The porous recycled clay brick may carbonate considerably faster than
the concrete with natural aggregate, causing a increase of the carbonation depth which was
shown in Figure 3.
1.4

1.0
0.8

3 days
7 days
14 days
21 days

1.2
Carbonation depth (mm)

Carbonation depth (mm)

1.4

3 days
7 days
14 days
21 days

1.2

0.6
0.4
0.2
0.0

1.0
0.8
0.6
0.4
0.2
0.0

0

20

40

60

80

Dosage of fine recycled aggregate (%)

100

0

20

40

60

80

100

Dosage of fine recycled aggregate (%)

(a) W/C=0.35.
(b) W/C=0.47.
Figure 2. Effect of the dosage of fine recycled aggregate on the carbonation depth of concrete.

Figure 3. Surface of split concrete cube with the replacement level of 100% used in the carbonation test after
being sprayed with phenolphthalein at 21days (W/C=0.47).
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4 Conclusions
Based on the above experimental results, some conclusions could be drawn below:
- Both the compressive strength and the flexural strength decreased with the increasing
of the replacement percent of recycled clay brick.
- The impermeability of concrete decreased with the increasing of the replacement
percent of recycled clay brick. But the permeability of concrete with the water to
cement ratio of 0.35 was still kept at “Low” level when the replacement percent was
less than or equal to 75%.
- The carbonation resistance of concrete using recycled clay bricks as fine aggregate was
degraded.
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Abstract. The building sector is responsible for the introduction of about 40% of the waste in the
environment (60 Mtons per year in Italy), with serious consequences for our future. Therefore, the
statistics of the last few years have induced many researchers and many companies to investigate more
sustainable products and technologies. Among these strategies, the re-use of waste materials has been
widely encouraged. Many solutions have been proposed in the field of mortars for which the use of waste
products such as ceramic materials, polystyrene, clay, concrete, has been tried out. The results have
often been encouraging, especially for masonry mortars. Nevertheless, very few attempts have been
made to place this type of products on the market. Moreover, the “younger” building materials such as
Autoclaved Aerated Concrete have not been fully investigated in their potential use as recycled
aggregates. The goal of this research was to evaluate the characteristics of mortars packaged with
different percentages of production waste of Autoclaved Aerated Concrete components as aggregates,
in order to assess the possible use of these conglomerates as masonry mortars or as plasters. The first
campaign included tests for determining mechanical resistance, density, capillary water absorption,
adherence to substrate, resistance to carbonation. The tested mortars had satisfactory mechanical
characteristics and generally exhibited a good capacity to withstand the actions of atmospheric agents.
Finally, the results highlighted the direct connection between Autoclaved Aerated Concrete percentage
and mechanical and durability properties.
Keywords: Building Materials Production Waste, Carbonation, Lightweight Aggregates, Recycled
Conglomerates, Sustainability.

1 Introduction
The reuse of building waste materials in sustainable concretes or mortars has raised over the
last years due to the environmental impact of building constructions. Building materials
production waste is preferred rather than Construction and Demolition one due to its controlled
chemical composition. The replacement of ordinary aggregates with production waste ones
generally affects the mechanical performances of concretes or mortars owing to the low density
of recycled aggregates (de Brito et al., 2005; Ćosić et al., 2015).
Nepomuceno, Isidoro and Catarino (2018) suggested a 30% threshold value of volumereplacement percentage of natural coarse aggregate with recycled ceramic in case of structural
concrete. Actually, an increase of porosity and of average pore diameter is observed when the
recycled aggregates are used (Anastasiou et al.,2018; Dang et al., 2019). The accretion of

doi:10.23967/dbmc.2020.157
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macropores and the reduction of micropores increases the resistance to external sulphate attack
as a consequence of the lower capillary pores transport phenomena (Coppola et al., 2018).
Moreover, the porosity improves the thermal insulation performances of mortars (Khan, 2002;
Mendes et al., 2019).
Despite the raising interest on recycled lightweight aggregates, it is presently unclear
whether the high porous structure of the recycled conglomerates affects their durability due to
the microstructural changes induced by the aggregates. In particular, the relation between
recycled mortars morphology and their carbonation resistance has not been fully investigated.
In order to analyze the effects of the use of a production waste lightweight material on the
physical, the mechanical and the resistance to carbonation properties of conglomerates, five
groups of mortars packaged with an increasing percentage by mass of Autoclaved Aerated
Concrete (AAC) recycled aggregates were tested and compared. The changes in density,
porosity, water adsorption, mechanical strengths and carbonation depths were measured.
The results of this study may be used to define the threshold of AAC aggregate percentage
with the respect to the application of conglomerate as masonry mortars or as renderings and
plasters.

2 Materials and Methods
2.1 Materials
The tested mortars were packaged with natural hydraulic lime (NHL 5 according to UNI EN
459-1:2010 standard) supplied by TSCcalce.
A natural siliceous sand and a recycled Autoclaved Aerated Concrete were used as
aggregates. The natural sand was provided by Bacchi s.p.a and its apparent density, stated by
the manufacturer, was 1460 kg/m3. The recycled aggregate was supplied by Bacchi s.p.a,
resulted from the production waste of Autoclaved Aerated Concrete (AAC) wall components.
The particles size distribution of the recycled aggregate was measured through the dry sieving
method according to UNI EN 933-1: 2012 and it is shown in Figure 1.

Figure 1. Particle size distribution of Autoclaved Aerated Concrete recycled aggregates according to the sieving
test method.

The particle density and the water adsorption of AAC aggregates were analyzed according
to UNI EN 1097-6:2013 pycnometer method for aggregate particles passing 4 mm test sieve
and retained on the 0,063 mm test sieve. The outcomes are shown in Table 1.

1782

Maurizio Nicolella, Claudio Scognamillo and Federica Vitale

Table 1. Particle density and water adsorption of Autoclaved Aerated Comcrete recycled aggregates.

M1
(g)
77,93

M2
(g)
477,73

M3
(g)
452,29

M4
(g)
45,11

rrd
(kg/m3)
860

rssd
(kg/m3)
1480

ra
(kg/m3)
2290

W
(%)
72,76

M1, saturated and surface dried mass in air; M2, mass of pycnometer containing the saturated
aggregate sample and the water; M3, mass of pycnometer filled with water only; rrd , oven dried
particle density; rssd , saturated and surface dried particle density; ra , apparent particle density; W,
water adsorption.

The chemical composition of the recycled aggregates was determined by a
ThermoGravimetric Analysis (TGA) using a Netzsch- STA 409 PC Luxx apparatus. The mass
losses of an AAC aggregate sample of 20 mg were monitored over time as the sample was
heated in a controlled atmosphere. The temperature ranged from 23° to 1200° with a 10°/min
heating rate. The mineralogical composition of AAC aggregates was analyzed by X-ray
Diffraction (XRD) technique using a Philips X’pert PRO multipurpose powder diffractometer
with X-ray wavelength of 1,54 Å. The outcomes were compared with the standard patterns of
the International Centre for Diffraction Data database. The main mineralogical phases were
Silicon Oxide, Calcium Carbonate, Calcium Hydroxide Hydrated Silicates and Calcium Sulfate
Hydrated. A distilled water was used as kneading water.
Five groups of mortars with five specimens in each group were analyzed. All the tested
specimens were packaged using the hydraulic lime and a binder-aggregate ratio of 1:3 by mass.
The first group – noted 1 - was taken as reference and it was composed of mortars with 100%
natural aggregate percentage. In the other four groups – noted 2,3,4,5 - the natural sand was
gradually replaced with an increasing percentage by mass of recycled aggregate from 12,5% to
50%. The water – binder ratio of 2,3,4,5 was adjusted due to AAC aggregate water adsorption.
Table 2 shows the compositions of the tested mortars.
Table 2. Compositions of tested mortars.

1
2
3
4
5

HL (g)
450
450
450
450
450

SS (g)
1350
1181,25
1012,50
843,75
675

AAC (g)
0
168,75
337,50
506,25
675

W (g)
225
337,5
450
562,5
675

W/B
0,50
0,75
1,00
1,25
1,50

RA (%)
0
12,5
25
37,5
50

HL, hydraulic lime; SS, siliceous sand; AAC, Autoclaved Aerated Concrete recycled aggregates;
W, kneading water; W/B, water/binder ratio; RA, AAC percentage by mass on the total aggregates.

2.2 Methods
2.2.1 Mixing procedure of mortars and testing program of physical, mechanical and
resistance to carbonation properties
Physical, mechanical and resistance to carbonation tests were performed on prismatic
specimens according to UNI EN 196-1:1996 specifications. The natural sand and the recycled
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aggregates were dry premixed before they were blended with the hydraulic lime and the
kneading water. The specimens were molded in prismatic casts (40x40x160 mm) and cured in
a climatic chamber (MSL Humichamber EC 125) under controlled conditions according to UNI
EN 1015-11:2007. Three specimens of each group were tested for density, porosity, water
adsorption, compressive and flexural strength, two specimens of each group were tested for
resistance to carbonation.
2.2.2

Apparent and bulk dry densities, open porosity and water adsorption

The tests were conducted according to UNI EN 1936:2007 specifications. The prismatic
specimens were dried in an oven at 70±5° temperature until a constant mass was recorded.
As the mass was stabilized, the three specimens of each group were weighted and their dry
mass M1 was recorded. Then the dry specimens were stored for 24h under vacuum in a vessel
in which the pression was gradually lowered to 15±5 mmHg. After this period a volume of
water was introduced in the vessel so that the specimens were immersed for at least 5 mm. The
specimens were kept under vacuum and immersed in water for 24h with the same pression of
15±5 mmHg. Finally, the pression was returned to the atmospheric value and the specimens
were left immersed for other 24h. After the 72h storage the immersed specimens were weighted
and the M2 value was recorded. The mortars were then wiped with a cloth and the mass of the
saturated specimens, noted M3, was measured.
The apparent (ra) and the bulk (rr) densities, the open porosity (p) and the water adsorption
(W) were finally calculated using the UNI EN 1936:2007 equations.
2.3 Mechanical Properties
The compressive and the flexural resistance tests were performed according to UNI EN 101511:2007 procedure using the Alpha Technologies Tensometer 2020 machine. The compressive
load cells were of three types: groups 3,4,5 were tested with 5kN, group 2 with 10kN and group
1 with 15kN. The flexural load cells were 5kN for groups 4,5 and 10kN for groups 1,2,3.
2.3.1

Adherence on substrates test

The adhesive strength of mortars on substrates was measured according to UNI EN 101512:2016 procedures. Three different substrates - brick, tuff and lapil-cement - were tested and
their fracture patterns were compared.
2.3.2

Resistance to carbonation

The resistance to carbonation test and the analysis of the results were conducted according to
UNI EN 13295:2005 indications. The carbonation depth was measured according to UNI EN
14630:2003 procedures. The measurement was repeated only two times - on 15th and on 30th
day- because all the specimens were fully carbonated after thirty days.

3 Results
3.1 Apparent and Bulk Dry Densities, Open Porosity and Water Adsorption
The apparent and the bulk dry densities, the open porosity and the water adsorption of the tested
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mortars are shown in Table 3. The mean values for the three specimens of each group are
reported. The reference mortar -1- exhibited an apparent density 66% higher than the group 5.
The open porosity and the water adsorption of group 5 were respectively twice and three
times as high as group 1.
Table 3. Apparent and bulk dry densities, open porosity and water adsorption. Mean values of the three
specimens of each group are reported.

1
2
3
4
5

ra (g/cm3)
1,75
1,51
1,27
1,20
1,05

rr (g/cm3)
2,24
2,13
1,95
1,91
1,87

p (%)
22
29
35
37
44

W (%)
12,58
19,35
27,12
31,07
41,53

ra, apparent dry density; rr, bulk dry density; p, open porosity; W, water adsorption

3.2 Mechanical Properties
The mean values of flexural and compressive strength are reported in Table 4. The flexural
resistance of group 4 was tested only on two specimens due to the breakage of one sample
during the curing period. The group 5 exhibited a flexural and a compressive resistance fifteen
and ten times, respectively, as low as mortars of group 1.
Table 4. Flexural and compressive strength. Mean values of the three specimens of each group* are reported.

1
2
3
4
5

σf (MPa)
2,62
1,54
0,67
0,13
0,17

σc (MPa)
6,93
4,53
1,49
0,90
0,57

* Except for flexural resistance of group 4 (mean values of two specimens); σf , flexural resistance; σc ,
compressive resistance.

The compressive strength values were compared to UNI EN 998-2:2016 and to UNI EN
998-1:2016 specifications with respect to the classes of masonry and rendering or plastering
mortars, respectively. The classification of the tested mortars is reported in Table 5.
3.3 Adherence on Substrates Test
The adhesive strength of mortars on each of the tested substrates is shown in Table 6. Mean
values of recorded resistance are reported along with UNI EN 1015-12:2016 fracture pattern
classification. The A, B, C pattern types referred to an adhesion fracture at the interface between
mortar and substrate, to a cohesion fracture in the mortar itself and to a cohesion fracture in the
substrate material, respectively.
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Table 5. Classification of the tested mortars according to UNI EN 998-1,2:2016.

1
2
3
4
5

UNI EN 998-2
Table 1
M5
M2,5
M1
/
/

UNI EN 998-1
Table 1
Table 2
CS III/ IV
GP-LW-CR-OC
CS II/ III
GP-LW-CR-OC-R-T
CS I
GP-LW-CR-OC-T
CS I
GP-LW-CR-OC-T
CS I
GP-LW-CR-OC-T

/ not classified; GP general purpose; LW lightweight rendering/plastering; CR coloured rendering
mortar; OC one coat rendering mortar for external use; R renovation mortar; T thermal insulation mortar
Table 6. Adhesive strength on substrates. Mean values of resistance and fracture pattern type are reported.

Brick
fu (MPa)
0,24
0,34
0,30
0,16
/

1
2
3
4
5

Tuff
fu (MPa)
0,29
0,34
0,04
0,05
/

FP
A
A
B
B
/

Lapil-cement
fu(MPa)
0,56
0,26
0,14
0,12
0,09

FP
B/C
B/C
B/C
A
/

FP
A
B
B
B
B

fu, adhesive strength; FP, fracture pattern; / it was not possible to measure the strength

3.4 Resistance to Carbonation
The results of the resistance to carbonation test are shown in Figure 2. On the 15th day the group
five was carbonated twice as high as the reference mortar whereas all the specimens were fully
carbonated on the 30th day.

Mortars group

5

20

9,17

4

20

7,68

3

20

7,30

2

20

5,65

1

4,00

after 15 days

20

4,11
0,00

after 30 days

8,00

12,00

16,00

20,00

Carbonation depth (mm)
Figure 2. Resistance to carbonation test. Carbonation depth on 15th and 30th day are reported.
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4 Discussions and Conclusions
The aim of the research was to investigate the influence of Autoclaved Aerated Concrete waste
production aggregates on the mechanical and the durability properties of mortars, with specific
respect to the resistance to carbonation. Results indicate that the replacement of the ordinary
siliceous sand with AAC aggregate impacts on the hard-state properties of mortars.
The density and the mechanical properties – compressive and flexural strengths – and the
adhesive strength to substrates decreased as the recycled aggregate percentage grew.
Concerning the adhesive strength to substrate, the adherence to tuff rapidly lowered as the sand
was replaced with AAC. Moreover, the open porosity and the water adsorption increased as
AAC replaced the natural sand. Actually, the mortars with a higher percentage of AAC needed
more kneading water due to the AAC adsorptive properties. Finally, the highest AAC mortar
exhibited a short-term low resistance to carbonation, whereas the same value of carbonation
depth was observed on 30th day measurement for all the specimens.
Similar trends were reported by Blanco et al. (2000) who recorded a strong correlation
between the use of lightweight aggregates and the physical and the mechanical properties of
concretes. Moreover, the discussed results are consistent with Zhao et al. (2015) who measured
the reduction of flexural and compressive strength of concretes due to the use of recycled
aggregates. Tewar et al. (2017) also investigated the substitution of natural sand with AAC
waste production aggregates and they reported the growing of kneading water mass and the
lowering of compressive strength as AAC percentage was kept higher. Finally, the higher
porosity of recycled-aggregates conglomerates was found responsible for a higher CO2 uptake,
similar to Evangelista et al.,(2010); de Oliveira Andrade et al.,(2018).
However, the tested mortars were packaged with only one type of binder and one particle
sizes distribution of aggregates, mainly ranged between 2 and 4 mm. Therefore, further studies
are necessary to find if the type of binder and the packing of aggregates can modify the
discussed results. The resistance to carbonation test needs to be repeated with a shorter time
interval between the measures in order to better evaluate the evolution of the phenomenon.
Finally, a mechanical test on the carbonated specimens has to be executed to investigate the
effects of CO2 diffusion on the compressive and the flexural strength of the mortars.
In conclusions, the substitution of natural sand with AAC aggregates seems to be useful to
package both masonry and rendering or plastering mortars. Moreover, the increased porosity
and the reduced density of higher AAC percentage mortars suggest their potential thermal
insulating properties. Conversely, a threshold for AAC percentage is necessary for masonry
mortars packaged with hydraulic lime due to the reduction of mechanical performances and
resistance to carbonation.
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Abstract. An increase in the population has led to the progressive construction of infrastructures and
buildings. This causes severe environmental problems, firstly high emissions of CO2 are caused in
cement production; secondly, a high volume of construction and demolition waste is landfilled and
thirdly, it is necessary to look for new, no natural resources for the production of construction materials.
The objective of this work is to analyse the influence of fine recycled aggregates and high volumes of fly
ash in the properties of high-performance self-compacting (SC) microconcrete. The experimental work
presented in this paper was carried out in two phases. In phase 1, SC- microconcrete were produced
with 100% of Portland cement, and natural sand was replaced by both mixed and ceramics recycled
aggregates in 30% and 50%. In phase 2, SC- microconcretes were produced with the replacement of
50% of Portland cement by fly ash, and natural sand was replaced by both mixed and ceramics recycled
aggregates in 30% and 50%. In each phase, the drying and autogenous shrinkage of all mortars was
measured via their storage in a climate chamber after 24 hours of casting and the determining of
properties during 90 days. In order to assess the influence of the shrinkage effect on the mechanical
properties, the prismatic samples were also stored in a climatic chamber, and the compressive strength
at several ages was determined in all of the SC mixtures. The results showed that the microconcretes
produced employing mixed and ceramic fine aggregates achieved higher compressive strength and
lower autogenous shrinkage. Although the C-N achieved the lowest drying shrinkage, the mixtures with
30% of CRA and MRA were found to have similar values. The employment of the CRA aggregates
improved the drying shrinkage and compressive strength of the C-FA-N mixture.
Keywords: Self-Compacting Microconcrete, Fly Ash, Fine Recycled Aggregates, Shrinkage.

1 Introduction
The portland cement (PC) industry is one of the major contributor to CO2 emissions. In recent
years, Fly Ash (FA) has been widely used as supplementary cement material in replacement of
part of PC in concrete construction. In addition, the mixtures employing FA require low water
content in order to achieve good workability (Abdalhmid, Ashour, and Sheehan, 2019; DuranHerrera, De-León-Esquivel, Bentz, and Valdez-Tamez, 2019; Kristiawan and Aditya, 2015;
Matos, Foiato, and Prudêncio, 2019). Dinakar et al. (Dinakar, Kartik Reddy, and Sharma, 2013)
described that about 30% -50% of FA content was ideal for the production of self-compacting
concrete (SCC). It was determined that the replacement of 50 wt.% of PC by siliceous fly ash
resulted in a low contribution to the hydration at early ages (up to 2 days of age). Between 12
h and 2 days after casting, the hydration is influenced by the so called “filler effect” of FA.
Between 2 and 7 days, the fly ash reaction was detected by measuring the increase in chemical
shrinkage, bound water and reduced portlandite contents (Deschner et al., 2012). According to
Matos et al. (Matos et al., 2019), the compressive strength gains in SCC with FA were
significant up to 180 days. According to certain researchers (Abdalhmid et al., 2019; DuranHerrera et al., 2019; Kristiawan and Aditya, 2015) a higher cement replacement of FA tends to
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decrease both drying and autogenous shrinkage. According to Altoubat et al. (Altoubat, Junaid,
Leblouba, and Badran, 2017), the high strength SCC tested employing high degree of restraint
(ASTMrings) showed that cement replacement of up to 35% of FA does not compromise the
cracking resistance of the mix. The free shrinkage and thus the shrinkage potential of the SCC
mixes decreases. It is also known that the employment of high absorption capacity recycled
aggregates (RA) are able to reduce the autogenous shrinkage of high performance RA concrete
(Etxeberria, Miren, Gonzalez-Corominas, 2018; Suzuki, Seddik Meddah, and Sato, 2009). The
drying shrinkage of concrete increases when RA are employed. However, Behera et al. (Behera,
Minocha, and Bhattacharyya, 2019) determined that in SCC concrete produced with fine RA
and the ternary blend binder was more effective in controlling the shrinkage strain of concrete.
Internal Curing can reduce autogenous shrinkage and improve concrete quality. Internal curing
is necessary for designing HPC, and conventional concrete with low water–cement ratio, when
RA have been employed (Al Saffar, Al Saad, and Tayeh, 2019).
In this research work the influence of the FA, supplementary cementitious material, as well
as the employment of mixed and ceramic recycled aggregates (MRA and CRA, respectively)
on the shrinkage and compressive strength of SC-microconcrete exposed to drying and sealing
curing condition were analysed.

2 Materials
2.1 Binder
Portland cement (PC) CEM I 52.5 N-SR with a density of 3.22 kg/m3 was employed for SCmicroconcrete production. Class F Fly ash (FA) with a density of 2.21 kg/m3 was also employed
in up to 50% of replacement of cement volume.
2.2 Aggregates
Natural Silica sand (NA) with a fraction of 0/4 mm was employed for SC-microconcrete
production. Its dry density and water absorption capacity at 24 hours were 2.47 kg/m3 and
2.43%, respectively.
Fine MRA and CRA aggregates were employed in replacement of up to 50% of natural
aggregates. The MRA aggregates were composed of approximately, 70% ceramic, 20% of
concrete, 9.4% of raw aggregates, 0.5% of gypsum, and 0.1% of other components. The
composition of the CRA aggregates was 100% ceramic material. The fraction of both RA was
0/4 mm, but their grading distribution was coarser than that of the NA aggregates, however they
proved to have more particles finer than 63µm, which were 2%, 11% and 14.5% in the NA,
MRA and CRA aggregates, respectively. The dry density (determined following UNE-EN
1097-6) of MRA and CRA were 1.92kg/dm3 and 1.97kg/dm3, respectively. The water
absorption capacity of MRA and CRA was determined following UNE-EN 1097-6
specification proved to be 15.5% and 14.0%, respectively. The absorption capacity which was
determined following the NY703-19 specification was 15.4% and 12.2%, respectively. Those
last values were employed for concrete mixture design.
A superplasticizer based on PAE polymer technology was employed in all mixtures.
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3 Mix Design and Production Process
Two series of the SC-microconcrete production were carried out, with five different mixtures
produced in each of the series, see Table 1.
In Series 1 all the mixtures were produced employing 100% PC. In series 2, the same volume
of binder employed in series 1 was used, but the binder was composed of 50% of PC and 50%
of FA. In both series five SC-micrococrete mixtures were produced, one with 100% of natural
sand and the other four mixtures employing MRA and CRA in 30% and 50%. In all mixtures
the effective water-cement ratio of 0.27 was maintained. The RA was employed in saturated
conditions (the value determined according to NY 703-19 standard).
A planetary mixer BE-20, in a low –medium speed was employed for SC-microconcrete
production. The same production process was applied for all the SC-microconcretes. Firstly PC,
FA and the 95% of effective water amount were mixed; secondly NA, the pre-saturated
MRA/CRA were added to the mixer and mixing continued at a low speed. Thirdly, the chemical
admixture was added together with the 5% of effective water amount. Finally, all the
accumulated material was removed manually from the bottom and mixing continued for a few
minutes. On finalizing the SC-microconcrete production, a slump flow test was performed
according to EFNARC (Ankush, Rajeev, and Koshta, 2014; European Federation for Specialist
Construction Chemicals and Concrete Systems (EFNARC), 2005). The spread diameter, D, of
all the mixtures kept within the range of 250 ± 10 mm (see Table 3). The flow of the mixtures
was adequate, and did not present bleeding and segregation. In series 2, the SC-microconcrete
produced employing CRA needed a higher amount of admixture in order to achieve adequate
fluidity. While following NY703-19 specifications which gave the CRA absorption capacity as
12.2% we believe it to be more advisable to follow UNE-EN-1097-6 which determined it to be
14%.

4 Test Procedure
All specimens were demoulded after 24 hours of casting and were exposed in a climatic
chamber in drying condition (23 ±3ºC and 50%±3% of RH ) and sealed condition (23 ±3ºC) in
order to determine the drying and autogenous shrinkage after 24 hours of casting. The
compressive strength of samples exposed to those curing condition was also determined.
4.1 Shrinkage (Autogenous-Sealed and Drying)
The shrinkage of the SC-microconcrete was determined following UNE-EN 12617-4
specifications. Six 25x25x287 mm specimens were produced for each type of SCmicroconcrete. After casting, they were covered with plastic film, in order to avoid water
evaporation, and place in the humidity room for 24 hours. After 24 hours of casting, all the
specimens were demoulded. Half of the specimens were employed for autogenous (sealed)
shrinkage determination and the other half for drying shrinkage (both shrinkage measurements
were determined 24 hours after casting). A digital length comparator was employed for length
measurements at different ages. According to their autogenous shrinkage values, the specimens
were sealed with aluminium adhesive tape immediately after demoulding and placed in the
climatic chamber at 23 ±3ºC. It was then that the first length (control length) measurement was
carried out and periodically over 90 days. In order to determine the drying shrinkage value,
after demoulding, the specimens were place in a climatic chamber at 23 ±3ºC and 50%±3% of
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RH and the initial length was measured. The length measurements were carried out periodically
for 90 days.
Table 1. Mix proportions of Series 1 and Series 2 microconcrete mixtures. The values are given of kg of
component/m3 of concrete production.

Fly
Ash

Cement
C-N
C-MRA30
C-MRA50
C-CRA30
C-CRA50**

925.5
925.5
925.5
925.5
925.5

C-FA-N
C-FA-MRA30
C-FA-MRA50
C-FA-CRA30
C-FA-CRA50**

462.7
462.7
462.7
462.7
462.7

-

1111.5
778.1
555.8
778.1
555.8

317.6
317.6
317.6
317.6
317.6

1111.5
778.1
555.8
778.1
555.8

-

-

Sand

total
water
SERIES 1
0.00
268.9
259.8 300.8
433.0 322.1
266.0 292.1
443.3 307.6
SERIES 2
0.00
274.9
259.8 306.7
433.0 328.0
266.0 298,1
443.3 313.5
AR

Super
(%)*

Efect.
w/c

D (mm)

0.70
0.68
0.68
0.68
0.68

0.27
0.27
0.27
0.27
0.27

250
275
275
27.5
30

0.65
0.65
0.65
0.68
0.68

0.32
0.32
0.32
0.32
0.32

27.7
28.7
30
29
26.5

*Admixture is the % with respect to cement weight ** C-CRA50-ABS or C-FA-CRA50-ABS: the absorption
capacity of RCA was considered of 14% determined following UNE-EN 1097-6

4.2 Compressive Strength
The compressive strength was determined following UNE-EN 12390-3 specifications
(according to the dimensions and mechanical test procedure). Prismatic specimens of
40x40x160mm were produced for all mixtures. They were demoulded after 24 hours of casting
and were exposed in a climatic chamber in identical conditions to those of the specimens
employed for shrinkage testing. Four samples were employed for compressive strength
determination.

5 Results
5.1 Autogenous (Sealed) Shrinkage and its Mechanical Properties
5.1.1

Shrinkage

The sealed- autogenous shrinkage in hardened state of each mixture produced in series 1 and
series 2 are illustrated in Figure 1. According to the results of the autogenous shrinkage in S1
samples, it was clear that the C-MRA50 mixture achieved the lowest shrinkage. The 50% of
MRA, which had the highest absorption capacity, was efficient reducing initial shrinkage. The
C-N mixtures achieved the highest shrinkage during the first 2 days. In all probability this
difference was higher during the first 24 hours after casting. In series 2, due to higher water and
lower cement amount, the initial shrinkage values were lower than those in Series 1. After 28
days, the autogenous shrinkage of the C-MRA50 mixture was still found to be the lowest.
However, the shrinkage caused by the hydration of the cementitious material was found to
increase with time (see figure c) and d)). In all probability was due its to very high cementitious
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material. The mixtures produced employing 30% of MRA and CRA, and 50% of CRA were
not able to release enough water in order to reduce the shrinkage value in series 1. In series 2,
the RA worked more efficiently probably due to the slightly higher water amount employed in
this series and the presence of FA.
5.1.2

Compressive strength

Figure 2 illustrates the compressive strength at 2 and 28 days of the recycled aggregate
microconcretes produced in series 1 and series 2 with respect to those of the conventional
microconcrete. The compressive strength values of C-N and C-FA-N at 2 days (2D) and 28
days (28D) are also described in figure 3. In series 1, all the Sc-microconcretes produced with
RA achieved more than 95% of the compressive strength achieved by the C-N mixture after 2
days (1 day in mould and 1 day in the chamber). At 28 days , all the RA microconcrete obtained
higher strength than that of the C-N microconcrete. The C-MRA30 and C-CRA50
microconcretes achieved the highest strength. The internal curing capacity of the RA improved
the compressive strength of the SC-microconcretes. However, the weak properties of the mortar
present on the MRA reduced the strength of the SC-microconcrete when it was produced with
50% of MRA.
As expected the early strength value of SC-microconcretes was considerably reduced by
using a high percentage of fly ash (Abdalhmid et al., 2019). The samples produced in series S2
achieved 50% lower compressive strength than its corresponding sample in series S1 after 28
days. In series 2, the mixtures produced with RA achieved a lower early compressive strength
than that of C-AF-N during the first 2 days. However, this increased after 28 days, and they
achieved the same strength of the C-FA-N mixture.
In general, the SC-microconcrete produced employing MRA and CRA achieved a higher
increase of strength from 2 to 28 days than that of C-N and C-FA-N mixtures.
5.2 Drying Shrinkage and its Compressive Strength
5.2.1

Drying shrinkage

Figure 3 a) and b) show the drying shrinkage values obtained by each mixture produced in
series 1 and series 2, respectively, exposed to a climatic condition for 90days. In both series,
the C-N and C-FA-N mixtures obtained the lowest drying shrinkage value. While in series 1
(100% of PC) the C-MRA50 and C-CRA50 mixtures achieved the highest shrinkage, in series
2 the SC-microconcrete produced with CRA achieved similar drying shrinkage to that of the CFA-N mixture. The FA reduced the rate of hydration and thus the drying shrinkage of the
microconcrete containing FA was considerably lower than that of the S1 mixtures (Abdalhmid
et al., 2019).

1793

Miren Etxeberria and B.T. Purandhar Reddy
0,010

0

1

0,000

2

Strain (%)

Strain (%)

0,000

0,010

Time (Days)

-0,010

Time (Days)

0

1

2

-0,010
C-FA-N

C-N
C-MRA30
C-MRA50
C-CRA30
C-CRA50
C-CRA50-ABS

-0,020

-0,030

-0,010

C-FA-CRA50

a)

C-FA-CRA50-ABS

-0,030
0,010

Time (Days)

0

4

8

12

16

20

24

0,000

28

-0,010

Strain (%)

-0,020

Strain (%)

C-FA-MRA50
C-FA-CRA30

0,010
0,000

C-FA-MRA30

-0,020

-0,030
-0,040

-0,050
-0,060
-0,070
-0,080

Time (Days)
0

4

c)

8

12

16

20

24

28

-0,020
-0,030
-0,040
C-FA-N

-0,050

C-N
C-MRA30
C-MRA50
C-CRA30
C-CRA50
C-CRA50-ABS

b)

C-FA-MRA30

-0,060

C-FA-MRA50

-0,070

C-FA-CRA50

C-FA-CRA30

d)

C-FA-CRA50-ABS

-0,080

Ratio compressive strengths, each
mixxture/ Natural mixtures (S1 & S2)

Figure 1. Autogenous (sealed) shrinkage values of Series 1 mixtures a) 2days, c) 28 days and Series 2 b) 2 days
and d)28 days. (the time of 0 day is referring to 24hours after casting).
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Figure 2. Ratio of compressive strength of recycled microconcretes with respect to conventional one at 2 days
and 28 days after sealed condition at 23ºC.
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Figure 3. Drying shrinkage of the samples produced at series 1 (a) and series 2 (b).
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5.2.2

Compressive strength

Ratio compressive strength each mixture/
natural mixture (S1 & S2)

Figure 4 illustrates the compressive strength of SC-microconcretes produced with RA with
respect to those of the conventional SC-microconcrete, series 1 and series 2, after 2 and 28 days.
The compressive strength values of C-N and C-FA-N at 2 days (2D) and 28 days (28D) are also
shown in figure 4. The SC-microconcretes produced in Series 1 achieved much higher strength
than those produced in series 2, due to the fast drying process, in all probability the high volume
of FA was not hydrated.
In series 1, the C-CRA mixtures achieved higher compressive strength than that of the C-N
mixture at 2 and 28 days. However, the increase of compressive strength, from 2 to 28 days,
was lower in all RA mixture than that of C-N, with the exception of the C-CRA30 mixture.
1,4

2 days

1,2
1,0

C-N

28 days

C-FA-N

0,8
0,6
0,4
0,2
0,0

C-N: 64.45MPa (2D); 82.34MPa (28D)
C-FA-N: 23.40MPa (2D); 40.80 MPa (28D)

Figure 4. Ratio of compressive strength of recycled microconcretes with respect to conventional one at 2 days
and 28 days (1days in mould and 27 days in drying condition).

In series 2, the mixture C-FA-CRA50-ABS achieved the highest compressive strength (the
absorption capacity of 14% was the optimum). In general, the microconcrete produced with RA
reached similar o higher strength values to that of C-FA-N after 2 days, all the RA
microconcretes achieved lower strength values to those of the C-FA-N after 28 days.

6 Conclusions
The following conclusions can be drawn based on the results presented above:
-

The autogenous shrinkage was effectively reduced by employing the MRA and CRA
aggregates in SC-microconcrete mixtures made with 100% of PC, achieving also a higher
compressive strength to the mixtures produced with NA. The C-MRA50 mixture achieved
the lowest shrinkage value. However, due to the low mechanical properties of MRA
aggregates, the C-MRA30 and C-CRA50 mixtures achieved a higher strength.
- The employment of 50% FA as a binder caused a reduction of up to 40-50% of the
autogenous shrinkage value. The compressive strength was also reduced when compared to
the mixtures produced with 100% of PC. The use of RA in FA mixtures also produced a
favourable effect on lowering of the shrinkage value and the increasing of the strength value
with respect to those SC-microconcrete produced employing NA and FA after 28 days.
- Although the C-N achieved the lowest drying shrinkage, the mixtures with 30% of CRA and
MRA were found to have similar values. In addition, the mixtures made with CRA achieved
the highest compressive strength when 100% of PC was employed.
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- The employment of FA reduced the drying shrinkage as well as the compressive strength in
up to 40-60% with respect to values obtained by mixtures produced with 100% of PC. The
employment of the CRA aggregates improved the drying shrinkage and compressive
strength of the C-FA-N mixture.
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Abstract. Cracks due to the service load in the reinforced concrete structures are controlled at the
design stage, by limiting the calculated crack width. Widely used crack width calculation models
(Eurocode 2 and Model code 2010), estimates the crack width by multiplying the crack spacing with the
mean strain difference of concrete and reinforcement. Concrete cover thickness and the ratio of
diameter to reinforcement area to effective tensile area of concrete (∅/ρp,ef) are the two main crack
spacing governing parameters in the aforementioned models. The existing models are mostly applicable
when concrete cover thickness is within the specified limit. For example, Model Code 2010 model limits
the concrete cover thickness to 75 mm. In order to identify the influence of aforementioned two
governing parameters on crack spacing, the results of recent experiments have been considered.
According to some recent studies, it is found that the concrete cover thickness has a significant influence
and the ∅/ρp,ef parameter has a negligible effect on crack spacing. To investigate the reasons why the
∅/ρp,ef parameter has a negligible effect on crack spacing, the involvement of bond properties is needed
to study. Some authors have specified that the large diameter bars consist of higher bond force per unit
surface area than the small diameter bars, due to the high rib area. Due to this reason, the similar bond
behavior could be identified, from low number of large bar diameters and high number of small diameter
bars. A literature review has been carried out to study the bond behavior on specimens subjected to
pure tension. With the facts and available data, it is further verified that the ∅/ρp,ef parameter has a
negligible influence and concrete cover thickness has a significant effect on crack spacing.
Keywords: Crack Spacing, Concrete Cover, Bond Stress-Slip, Axial Tension.

1 Introduction
Cracks in the reinforced concrete (RC) structures create issues to the durability, aesthetic
appearance and the liquid or gas tightness of the structure. Among the various types of cracks
that can generate in a structure, the cracks due to service load is controlled at the design stage
by limiting the calculated crack width. In the most widely used codes of practices (Ex. Eurocode
2, 2004; Model code 2010, 2013; etc.), the calculated crack width is governed by multiplying
the crack spacing with the mean strain difference between reinforcement and concrete.
Therefore, the crack spacing parameter can be identified as an important factor in crack
controlling criteria. However, it has identified many limitations in the above-mentioned
available crack controlling methods (Ex. limitation for the maximum value of concrete cover
thickness). Further, there are many experimental evidences from previous literatures, that the
experimental predictions do not match with the code prediction values.
In the aforementioned codes, the concrete cover thickness and ∅/ρp,ef parameter (ratio of
diameter to reinforcement area to effective tensile area of concrete) have identified as the two
most governing factors of the crack spacing model. In order to improve the existing models, the
authors have studied the behavior of aforementioned parameters with the help of available
literatures. The crack width or crack spacing models developed in the mentioned codes are
based on the axial tension experiments of an RC tie subjected to pure tension. Because a RC tie
in pure tension can be represented the tensile region of a bending member with or without axial
tension (Debernardi et al., 2013). There are many previous experiments reported, which have
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studied about the cracking behavior of RC members. Among them, it can be found various
types of data to identify the crack width governing parameters. However, with the advancement
of material and geometrical properties of concrete and reinforcement, the authors have selected
two recent axial tensile experiments mentioned in (Tan et al., 2018; Tan et al.,2019) and
(Rimkus and Gribniak, 2017), to identify the crack spacing governing parameters. The selected
experiments consist of the RC ties with multiple reinforcement bars, which are more similar to
the RC members in practice.
The concrete cover parameter and ∅/ρp,ef parameter is available in the existing crack
governing models are due to the ‘no-slip theory’ and ‘bond-slip theory’ respectively
(Saliger,1936; Broms, 1965). The ‘no-slip theory’ assumes a perfect bond between
reinforcement and surrounding concrete. The ‘bond-slip theory’ considers that a slip occurs
between the reinforcement-concrete interface. From the selected experimental data, it could
identify that concrete cover thickness has a significant impact on crack spacing, and therefore
to the crack width. When considering the effect of ∅/ρp,ef parameter, it could identify that the
parameter has a negligible effect on the crack spacing (Beeby, 2004; Rimkus and Gribniak,
2017). When trying to identify the reasons for this controversial conclusion, Ålander in (Beeby
et al., 2005) makes a statement, that when the bar diameter increases, the rib area also increases
(even with similar rib pattern). This increased rib area in larger bar diameters cause to have a
higher bond force per surface unit area, than the smaller bar diameters (Noghabai, 1995). This
effect is not considered in the existing EC2 or MC 2010 models. The mentioned models assume
the bond-stress is only a factor of tensile strength of concrete. For example, MC 2010 assumes
that the mean bond stress between concrete and reinforcement is equal to 1.8 times the mean
tensile strength of concrete in the stabilized cracking stage.
Balaz (1993), introduces a mathematical model to identify crack widths by using the wellknown Ciampi-Eligehausen (Ciampi et al., 1981; Eligehausen et al., 1982) bond-slip model.
Ciampi-Eligehausen, bond-slip model is based on Rilem-type pull-out test (RILEM, 1994)
results. Therefore, at first this paper reviews literatures focusing on the effect of rebar size on
bond properties in Rilem-type pull out tests. However, many existing literatures concluded that,
bond strength and stiffness decrease with the increase of bar diameter (which is opposite to the
expected results). Therefore, this paper investigates the actual bond-slip behavior of specimens
subjected to ‘axial tension’.

2 The Behavior of Concrete Cover and ∅/ρp,ef Parameter on Crack Spacing
from the Recent Experiments

Table 1 shows the test results of axial tensile experiments of RC ties mentioned in Tan et
al.,(2018) and Tan et al., (2019). Table 1 confirms that the increase of concrete cover, cause to
increase crack spacing. When comparing the specimen 1 and 3, with the increase of concrete
cover, the maximum crack spacing (Table 1) increases. Likewise, the crack spacing values and
specimen 2 and 4 behaves similarly.
Table 1. Crack spacing values measured in stabilized cracking stage (Tan et al., 2019).

Specimen
No.

Width × height ×
length (m × m × m)

No. of
bars

Diameter
(mm)

Cover
(mm)

1
2
3
4

0.4 × 0.4 × 3
0.4 × 0.4 × 3
0.4 × 0.4 × 3
0.4 × 0.4 × 3

8
8
8
8

32
20
32
20

40
40
90
90
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∅/ρp,ef
796
1274
796
1274

Sr,mean
(mm)

Sr,max
(mm)

178
163
266
217

240
250
320
290
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Considering specimen 1 and 2 (likewise, 3 and 4) with the same concrete cover thickness,
specimen size and material properties, the effect of ∅/ρp,ef parameter on crack spacing cannot
be compared, due to difference in steel areas (Specimen 1 and 2 have 8×π×162 mm2 and
8×π×102 mm2 steel areas respectively). The same steel area can be represented with different
sizes of reinforcement. If small diameter bars are used, the circumference area of the rebar are
higher than when the same steel area is replaced by large diameter bars. For example, if one 16
mm bar is replaced with four 8 mm bars (similar steel area), the circumference area is doubled
[(4×π×8) / (1×π×16) = 2]. Therefore, the higher number of smaller diameter bars consist of
higher concrete-reinforcement interface area than the few number of large diameter bars
arrangement. When bond area becomes large, transfer length will be low. In theory, the RC
specimens with similar cross-sectional area and similar steel area, the larger bar diameter has
the higher ∅/ρp,ef value. According to the EC2 and MC 2010 crack spacing models, this cause
to predict larger crack spacing values than the specimens with smaller bar diameter.
Rimkus and Gribniak (2017) have studied the effect of ∅/ρp,ef on crack spacing, by keeping
the steel area and other previously mentioned crack spacing governing parameters constant. In
the study, the different values for ∅/ρp,ef has been obtained by changing the rebar diameters.
This experiment had tested 21 number of specimens with 150 mm x 150 mm (Height x width)
cross section size and 30 mm concrete cover thickness. The study have tested three different
steel areas of 315 mm2, 450 mm2 and 607.5 mm2 (Steel ratio (ρp,ef) of 1.4 %, 2.0 % and 2.7 %
respectively) and used different deformed bar sizes of 5 mm, 6 mm, 8 mm, 10 mm, 12 mm and
14 mm diameters to change the ∅/ρp,ef ratio. However, the final conclusion of the experiment
is that, the crack spacing has a negligible influence from the ∅/ρp,ef parameter.
The conclusions of the aforementioned results in Rimkus and Gribniak (2017), gives a good
agreement with the statement of Beeby (2004). Moreover, Beeby (2004) compares previous
experiment results of (Farra and Jaccoud, 1994; Haqqi, 1983) and concluded that the ∅/ρp,ef
parameter does not influence on crack width or crack spacing. However, when the experiments
in (Farra and Jaccoud, 1994; Haqqi, 1983) have altered the ∅/ρp,ef parameter for the comparison,
the reinforcement ratios also differed unlike in the experiments of (Rimkus and Gribniak, 2017).
Therefore, the statement of Beeby (2004) is further confirmed from the experimental results of
(Rimkus and Gribniak, 2017).

3 The Involvement of The Bond-Properties to the Crack Spacing Models.
It is vital to investigate reasons why the previous experimental findings shows that ∅/ρp,ef
parameter, (which appears from the ‘bond-slip approach’) does not influence on crack spacing.
Alander, who had studied the reinforcement rib geometry on crack widths in Alander (2002),
have made a good explanation for this reason in the discussion paper Beeby et al. (2005).
According to their findings, the bond per surface area of every reinforcement is not similar, due
to the different rib geometry. Moreover, when the diameter of a bar increases, the bond strength
increases, due to the increase in rib area and height relative to the smaller bar diameters
(nominal bar diameter to rib height is generally used as 22). Therefore, the assumption made
on developing the existing crack spacing models that the bond stress is similar among every bar
diameter have to be reconsidered.
The rib pattern or height are considered as the governing factors of the bond-strength and
bond-stiffness of a reinforcement. The ratio of the nominal bar diameter to rib height is
generally used as 22 in reinforcement (Metelli and Plizzari, 2014). Bond-index parameter
quantitatively represent the effect of rib-pattern and rib-height of a specific reinforcement. The
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bond-index is identified as the most governing rib parameter that influences bond-strength and
bond-stiffness and EC2 specifies to have a minimum bond index of 0.056 for a bar exceeding
the diameter of 12 mm. To investigate the statement made by Alander in Beeby et al. (2005)
discussion paper, a literature review has been studied on the size effect of the bars on the bond
between concrete and reinforcement. The details and the conclusions of some existing
literatures are listed in the Table 2.
Table 2. Summary of the previous studies on the bond behavior for size effect.

Publication

Experiment

Diameter (mm) [Bond Index]
Bažant et al. Unconfined Pull- 3.175, 6.35, 12.7,
out test
25.4 [smooth bars]
(1995)
Noghabai
Confined
(steel 8, 16, 32 [Deformed
(1995)
casing)
Pull-out bars]
test.

Results

Size effect presents. Bond strength
is low in large bars.
Bond strength increases with the
diameter.
The embedded length is short
(2.5*diameter).
Bamonte and Confined
(steel Machine Ribbed
Bond strength decreases with the
Gambarova
casing) Pull-out and 5, 12, 16, 28 – [0.086] increase of bar diameter
(2007)
push-in tests.
Metelli and Unconfined Pull- Machine Ribbed
Bond strength increases with the
Plizzari
out test
12, 16, 20 – [0.04- increase of bond index (rib area).
(2014)
0.105]
Bond strength and stiffness
Commercial
(hot- decreases with the increase of bar
rolled)
diameter.
12 - [0.095,0.105]
20 - [0.079, 0.089]
40 - [0.054, 0.072]
50 - [0.04, 0.063]
Bar Diameter has a small effect and
Shima et al. Confined Pull-out Ribbed Bars
test
for
long 19.1
bond strength is proportional to 2/3
(1987)
25.4
embedded length
power of concrete compressive
(40 times diameter). 31.8
strength.
Morita
Confined
(large 3, 7, 13, 19, 25, 51 Size effect does not present in
(1994)
covers (5.5*dia.)) [Deformed bars]
specimens subjected to axial tension
with large covers.
Axial tensile test.

According to the Table 2, except in Noghabai (1995), other experiments have concluded that
the bond strength decreases with the increase of bar diameter. These results does not agree with
the previously mentioned statement by Alander in Beeby et al. (2005) discussion paper. This
can lead to another direction, whether the pull-out or push-in tests represents the bond-behavior
of an RC tie subjected to axial tension or flexure. The authors in (Alander, 2002; Beconcini et
al., 2008; Mazzarolo et al., 2012) explains that the traditional Rilem-type tests (RILEM, 1994)
does not represent the bond condition of a member subjected to bending or axial tension. The
main reasons for the discrepancy are identified as the short anchorage length (embedded length
is five times the bar diameter), one-way loading method (the concrete parallel to the
reinforcement is in compression), failure mode (splitting failure that occurs in unconfined tests)
in the standard pull-out tests. The short embedded length is decided in the Rilem-type test is to
ensure the uniform distribution of the bond stress along the bar (Mazzarolo et al., 2012) and to
reach the bond-failure before rebar yields (Bamonte and Gambarova, 2007; Mazzarolo et al.,
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2012). In order to make the experimental conditions closer to the practical situation, Shima et
al., (1987) have used longer embedded lengths (40 times diameter) and studied the size effect
on bond stress (Table 2).
It has observed that the reinforcement-concrete interface in axial tensile members does not
subject to the range of slip value as observed in the Rilem-type tests. The experimental
investigation of the crack widths at the level of reinforcement in (Borosnyói and Snóbli, 2010;
Husain and Ferguson, 1968; Tammo and Thelandersson, 2009) have proved that the slip is in
the range of hundredth of a millimeter (ex. 0.01 mm to 0.06 mm). These studies have observed
the crack width propagation along the concrete cover thickness by sealing the crack, with a
hardened epoxy and examining by cutting the specimen. (Borosnyói and Snóbli, 2010;
Caldentey et al., 2013) have explained the reason for the relatively small crack widths at the
reinforcement face. They have considered that it is due to the accumulation of strains in
secondary cracks, which are identified as Goto cracks in Goto (1971). These secondary cracks
are developed around the primary cracks (Debernardi et al., 2013; Debernardi and Taliano,
2016) and therefore the ‘slip’ is considered as spread at the vicinity of primary crack. However,
Yannopoulos (1989) has conducted experiments to study the variation of crack widths along
the concrete cover thickness. During, the experiment, the increase length of specimens was
measured using gauges that were fixed at the both end-faces perpendicular to the reinforcement
of the axial tensile tie. One measurement was obtained 2.2 mm away from the reinforcement
and the other measurement was obtained at the edge (i.e. at a distance of concrete cover) of the
specimen. The obtained average change in length were 0.06 mm and 0.13 mm respectively. The
conclusion is that, even the internal cracks do exist, their accumulation does not equal with the
crack widths at the concrete surface. Therefore, the internal cracks (spread around primary
cracks) cannot be considered as a contributor to the slip.
The experiment mentioned in Beeby (2004), contributes to the fact that, slip does not occur
between reinforcement and concrete interface in axial tensile members. A layer of grout is
applied at the end faces of RC tie (faces perpendicular to reinforcement) and observed no cracks
in the reinforcement-concrete interface after the tensile load is applied. Due to these facts, the
slip between reinforcement and concrete can be expressed as negligible and the cracking is
according to the ‘no-slip theory’. However, to ensure this fact, the authors have studied through
the aforementioned bond-slip experiments conducted for axial tensile experiments. The method
of slip and bond-stress measurements in conducted axial tensile experiments are listed in Table
3. Except for the experiment mentioned in Doerr (1978), other listed experiments have not
measured the concrete strain separately to obtain the slip. Either the researcher has neglected
the concrete strain or calculated it from the force equilibrium using only the reinforcement
strain. There is a possibility that these calculated concrete strain can be due to ‘no-slip’
conditions. The experiment mentioned in Doerr (1978), which had separately measured the
‘concrete strain’ with strain gauges, 16 mm away (one diameter length) from the reinforcement
face. This measurement does not represent the slip at the reinforcement – concrete interface.
Based on above reasons it is not clear whether the experiments given in Table 3 have measured
the actual value of slip.
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Table 3. Details of the axial tensile experiments focused on bond-slip.

Experiment
Doerr (1978)

Details
Concrete strain gauges
were placed 16 mm away
Cylindrical specimen dia.= from concrete, while
150 mm.
casting.
Length = 600 mm.
Electrical resistance wire
Bar dia. = 16 mm
strains
were
used.
Strain gauge on rebar and Specimen were sectioned
concrete.
to 28 mm size parts along
Spacing = 28 mm
the length.

Morita (1994)
Rectangle specimens
Square c/s = 12*φ
Length = 60*φ
Strain gauge only on rebar.
Spacing = 5* φ

Concrete
strain
is
neglected when calculating
the slip, assuming the
domination contributor to
the slip is the internal
cracks.

Bond stress
Slip
Bond stress (τ(x)) Slip
of
the
along the bar
element
‘a+1’
(s(a+1)(x)),
τ(x)

= −

1 dP(x)
.
πφ dx

P(x)- Force in
reinforcement.
Where P(x) can
be identified by
interpolating the
steel strain at
each segment.
Bond-slip model
identified
by
(Muguruma,
Morita,
and
Yoshida, 1967)
d2 y s(x)
d𝑥𝑥 2
4 (1 + np)
=
. τ(x)
Es

s(a+1)(x) = εs,a.dx –
εc,a.dx

εs,a – Strain in
6einforcement
εc,a– Strain in
concrete
dx – spacing of
strain guages

Slip is identified
from the steel
strain, neglecting
concrete strain.
Slip
of
the
element ‘a+1’,
s(a+1)(x) = εs,a.dx

s(x) – Slip
n – Modulus ratio
p – Steel Ratio
Beconcini et al. (2008)

Specimen were sectioned
to 25 mm size parts along
Cylindrical specimen dia.= the length.
Concrete and steel stresses
132 mm.
and strains of each section
Length = 1000mm.
Bar dia. = 16 mm
were identified with a
Strain gauge only on rebar.
constitutive model based
Spacing = 25mm
on Ramberg Osgood
formation and with the
force equilibrium F = Fs+

Equilibrium of a From
the
rebar portion
definition of slip
𝑑𝑑σs .

πφ2
4

= πφτ(x)

σs – Steel stress
calculated from
steel strain

𝑑𝑑𝑑𝑑
= εs − εc
𝑑𝑑𝑑𝑑

Fc.

When considering the bond-slip behavior of the specimens subjected to axial tension, it can
be concluded that the ‘bond-slip’ theory can cause a negligible influence on crack spacing.
Therefore the involvement of ∅/ρp,ef parameter on crack spacing behavior have to be
reconsidered. Further This description ends with agreeing the conclusion of Beeby (2004), that
the ∅/ρp,ef parameters has a negligible effect, while concrete cover thickness has a significant
effect on crack spacing and therefore to the crack width.

4 Summary and Conclusions

Concrete cover thickness and ∅/ρp,ef parameter have identified as governing parameters of crack
spacing models in Eurocode 2 and Model code 2010. From the recent experimental results, it
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could be identified that the concrete cover thickness has a significant effect on crack spacing.
However, the ∅/ρp,ef parameter, which present in the crack spacing model due to the ‘bond-slip
theory’ has an negligible influence to the crack spacing. A possible reason for that can be the
effect of different rib indexes of different bar sizes, which is not taken into account in the abovementioned crack spacing models. Experimental results showed similar crack spacing values
using low number of large bar diameters and high number of small bar diameters. Therefore,
the bond per unit surface area have to be higher in large diameter bars than small diameter bars.
A literature survey is carried out to identify the aforementioned effect and it is found that, the
bond per unit surface area is getting lower with the increase of bar diameter. Moreover, it is
vital to investigate the applicability of Rilem-type pull-out test results to study the bond
behavior in a RC tie. The main contradiction is the, obtained slip value in axial tension is
significantly smaller than Rilem-type pull-out tests. Further, there is an argument that the
internal cracks contribute to the slip. However, the results of Yannopoulos (1989) have proved
that the internal cracks do not have a significant contribution to the slip. Further, Beeby (2004)
have experimentally proved that there is no slip occurred at the reinforcement-concrete interface
of an RC tie in pure tension. Moreover, as mentioned in the available studies on bond-slip
behavior subjected to axial tension, have not measured the concrete strain separately, to
measure the slip value. Therefore, it can be concluded that the mentioned crack spacing models
have overestimated the effect of bond-slip behavior.
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Abstract. This paper deals with the evaluation of the influence of recycled concrete aggregate (RCA)
and the employment of high volume of fly ash (FA) on the physical, mechanical and durability (chloride
ion penetration and carbonation) properties of concretes. The obtained values of which, being compared
to those of conventional concretes. Concrete was produced using 0%, 25% and 50% FA in replacement
of Portland cement, and 0% and 50% of RCA in substitution of natural aggregates. All the concretes
were produced employing an effective water-cement ratio of 0.50. The physical properties at 28 days
and the compressive strength at 7, 28 and 90 days were determined in all the concretes produced as
well as the assessment of durability (penetration of chlorides and depth of carbonation) on all concrete
mixtures. The depth of the carbonation was determined after submitting every concrete sample to a
series of accelerated tests at 20% of CO2 concentration during 7, 14 and 28 days after the curing period
in the humidity room and pre-condition in the laboratory. The chloride penetration was determined at
28 and 90 days of curing. It was concluded that the employment of 50% of un-carbonated RCA increased
the early strength of concrete produced using FA, and at late ages, RCA concretes achieved similar
strength when 25% of FA was employed. The concrete produced with 50% of FA achieved the highest
resistance to chloride ion penetration also when RCA was employed. Although the use of FA increased
the carbonation depth of the concrete samples, the employment of the un-carbonated RCA reduced that
effect. The employment of RCA with CEM II or binder with 25% of FA caused the lowest carbonation
depth.
Keywords: Fly Ash, Recycled Aggregates, Concrete, Carbonation, Chloride Resistance.

1 Introduction
Concrete production has a high impact on our environment due to the abundant consumption
of energy and a large amount of CO2 emissions in cement production. In addition, the
demolition of concrete structures causes a considerable volume of waste to end up in landfills.
These problems may be reduced, achieving a green concrete, by employing fly ash (FA) as
supplementary cementitious materials and recycled concrete aggregates (RCA) in replacement
of cement and natural aggregates, respectively for concrete production (Marinković, Dragaš,
Ignjatović, and Tošić, 2017).
It is known that the RCA is suitable for concrete production (Chen et al., 2019), in addition
the employment of recycled aggregate concrete (RAC) as structural material has been widely
analysed and validated for many applications (Pedro, De Brito, and Evangelista, 2014).
However, the durability of concrete produced with RCA is actively being studied in order to
improve its qualities (Guo et al., 2018). According to Guo et al. (Guo et al., 2018) RAC has
lower chloride ion diffusion resistance than conventional concretes due to the RCA’s high
porosity. According to the results of a carbonation resistance test, when the RAC were produced
employing at least 70% of RCA, the resistance was found to be higher due to the larger amount
of mortar in recycled concrete. In contrast, the results of studies by Silva et al. (Silva et al.,
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2015) determined that the carbonation of concrete produced with 100% of RCA was 2.5 times
higher than that produced with natural aggregates.
On the other hand, today the use of FA up to 15-20% (Chandra and Bendapudi, 2015) or up
to 15-30% (Xu and Shi, 2018) in concrete production is considered usual and it has been
determined that the employment of high amount of FA controlled the temperature of concrete
and achieved adequate mechanical and durability properties. It is known that the concretes
produced with FA have low strength at initial ages, this effect being more evident when higher
percentages of FA are employed in concrete production and less evident when concrete are
produced with a low water/cement ratio. However at later ages, the strength of concrete
increases due to the reaction of its FA with Portlandite (Kocak and Nas, 2014; Xu and Shi,
2018). According to Lam et al. (L. Lam, Y.L. Wong, 1998) the chloride ion penetration
resistance of concrete is higher when FA is employed. Dinakar et al. (Dinakar, Kartik Reddy,
and Sharma, 2013) described that concretes achieve their highest strength and chloride ion
resistance when up to 30% of FA is employed for concrete production. However, several other
researchers (Kurda, De Brito, and Silvestre, 2019) determined that concrete produced with FA
achieves lower carbonation resistance than the concrete produced employing 100% of Portland
cement.
In this paper, the influence of RCA and the employment of high volumes of FA on the
physical, mechanical and durability (chloride ion penetration and carbonation) properties of
concretes have been evaluated, and those values were compared to those of conventional
concretes. Concretes were produced using 0%, 25% and 50% FA in replacement of Portland
cement, and 0% and 50% of RCA in substitution on natural aggregates

2 Materials
2.1 Binder
The cement types of CEM II A-L 42.5R (with 12% limestone, named CEMII) and CEM I 52.5R
(high strength-rapid hardened, named CEMI) with the densities of 3.1 kg/dm3 were employed.
Class F fly ash (FA) with a density of 2.16 kg/dm3 was also employed.
2.2 Aggregates
Three fractions of natural limestone aggregates were used for concrete production: fine (NS of
0/4mm,) and coarse aggregates (CA1 of 5/10mm and CA2 of 8/20 mm). The dry density of NS,
CA1 and CA2 were 2.58kg/dm3, 2.67kg/dm3 and 2.67kg/dm3, respectively. The absorption
capacity was of 1.79%, 0.75% and 0.57%, respectively.
The recycled concrete aggregate (RCA) was produced via the crushing of a parent concrete,
namely one-year-old waste, 30 MPa concrete specimens from a concrete company. The
component of the parent concrete being CEM II A-L 42.5R cement and limestone aggregates.
The RCA was used for concrete production immediately after the parent concrete was crushed,
and the RCA aggregates were un-carbonated. The grading distribution was defined by the
fraction 5/20mm. Its density was of 2.33 kg/dm3 and an absorption capacity of 5.35%.

3 Mix Design and Production Process
Two stages of concrete productions were carried out. In stage 1, all the concretes were produced
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employing 100% of natural aggregates. Four different concretes were produced in which
different binders were employed. CC, 100% of CEMII; CFA25, 25% (in weight) of CEMII was
replaced by FA; CFA50: 50% of CEMII was replaced by FA and CFA50.2: 50% of binder was
CEMI and 50% of FA (see Table 1). In stage 2, all the mixtures were produced employing 50%
of the aggregates volume defined in the CC mixtures replaced by RCA. Four different concrete
mixtures were produced: CRA, 100% of CEMII; CRAFA25, 25% (in weight) of CEMII was
replaced by FA; CRAFA50, 50% of CEMII was replaced by FA and CRAFA50.2, 50% of
binder was CEMI and 50% of FA (see table 1).
The effective w/c ratio of 0.50 was maintained constant in all concretes. In stage 1, in order
to determine the effective w/c ratio, the effective absorption capacity of 90%, 50% and 50% of
the total absorption capacity of NS, CA1 and CA2, respectively were determined. In addition,
in stage 2, the effective absorption capacity of RCA was determined as being 80% of its total
absorption capacity. The RCA was used with high humidity, having 75-80% of water
absorption capacity, and their moisture content was measured prior to their use.
The concrete specimens were produced and cured following UNE EN 12390-2:2001
regulations and were manually compacted using a steel rod. The concrete specimens were then
covered with a plastic sheet and air-cured for the first 24 h. After 24 h of casting, the specimens
were demoulded and then stored in a humidity room and kept at 21ªC and 95% of humidity
until the test ages were reached for the physical, mechanical and chloride ion penetration test.
The specimens taken from the humidity room after 28 days for carbonation resistance testing
were sent to the laboratory to undergo pre-conditioning for 14 days at 400ppm, 24ºC and 55%
humidity before being placed in the CO2 chamber.
A superplasticizer based on modified polycarboxylates was employed in all mixtures. A
0.50% with respect to cement weight was needed in all the concrete mixtures in order to achieve
a slump test of 17-19cm. The density at fresh state of all the concrete mixtures was also
determined. Table 1 shows that the employment of FA increased the density of concrete due to
its capacity to densify the cement paste, in contrast the employment of RCA decreased the
density of concrete (Etxeberria et al., 2007).
Table 1. Mix proportions of Stage 1 and Stage 2 concrete mixtures. The values are given of kg of component/m3
of concrete production (W: water, Ad: admixture, Effect: Effective).

CEM

FA

W
Total

CC
CFA25
CFA50
CFA50.2

350
262.5
175
175

192.5
87.5 192.5
175 192.5
175 192.5

CRA
CRAFA25
CRAFA50
CRAFA50.2

350
262.5
175
175

213.4
87.5 213.4
175 213.5
175 213.5

NS

CA1

STAGE 1
900 275.2
867.9 275.2
835.9 275.2
835.9 275.2
STAGE 2
900 137.6
867.9 137.6
835.9 137.6
835.9 137.6

CA2

RCA

Ad.
(%)

Effect. Density
w/c
(kg/dm3)

647
647
647
647

0
0
0
0

0.50
0.50
0.50
0.50

0.5
0.5
0.5
0.5

2.24
2.34
2.36
2.36

323.5
323.5
323.5
323.5

400
400
400
400

0.50
0.50
0.50
0.50

0.5
0.5
0.5
0.5

2.31
2.30
2.31
2.33
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4 Test Procedure
4.1 Physical and Compressive Strength
Physical properties were measured according to ASTM C 642 ‘‘Standard Test Method for
Density, Absorption and Voids in Hardened Concrete” at 28 days after casting. Three cubic
specimens were used in this test for each concrete mixture produced.
The compressive strength of concretes at 7, 28 and 90 days were determined following UNEEN 12390-3:2009 specifications. Three cylindrical specimens were used for each concrete
mixtures.
4.2 Carbonation and Chloride Resistance
The concretes were submitted to accelerated carbonation test, following GB T50082-2009
standards, in order to assess the carbonation penetration resistance of each concrete produced
employing different types of binders as well as the RCA. The concrete specimens were placed
in a CO2 chamber at 20% CO2, 20ºC and 60% of RH for 7, 14 and 28 days after their curing
process of 28 days and pre-conditioning period of 2 weeks. The concentration of the CO2
employed was very high. It is known that the carbonation coefficient increases with an increase
in carbon dioxide concentration (Shah and Bishnoi, 2018). In addition, at long test periods, the
high concentrations of CO2 cause a change of the cement paste microstructure compared to that
of samples placed in natural exposure (Castellote et al., 2009). However, the high concentration
of CO2 conditions, in short periods of testing, allow the concrete's resistance to carbonation to
be characterized (Hyvert et al., 2010). Two specimens of each concrete were employed for
carbonation depth measurement. The compressive strength of each concrete was also
determined.
The chloride penetrability of concrete was determined following the ASTM C1202 (1997)
standard. The chloride ion penetration resistance of concrete is represented by the total charge
passed in Coulombs during a test period of 6 h. In this study, the chloride ion penetrability test
was carried out on the concrete specimens at the ages of 28 and 90 days and each result was the
average of two measurements.

5 Results
5.1 Physical and Compressive Strength
Table 2 shows the physical properties obtained by all the concretes analysed. The employment
of FA increased the density and decreased the absorption capacity of concrete due to its reaction
with Ca(OH)2 (Deschner et al., 2012). The CFA50.2 produced with 50% of FA in substitution
of CEMI achieved the lowest absorption capacity. The employment of RCA, in stage 2,
decreased the density of its Stage 1 corresponding concrete. The CRA achieved 18% higher
absorption capacity than that of CC concrete. Similar results were obtained by Kurda et al.
(Kurda, de Brito, and Silvestre, 2019). The absorption capacity of recycled aggregate concrete
was lower when FA was employed in its production. The CRAFA50.2, produced with CEMI,
achieved the lowest absorption capacity. CRAFA50 and CRAFA50.2 achieved a higher
density, lower absorption and porosity than that of the CC concrete.
Table 2 also shows the compressive strength at 7 days, 28 days and 90 days of all the
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concretes produced. The CC mixture achieved the highest compressive strength at 7, 28 and 90
days. In addition, the concretes produced employing 25% of FA achieved the strength of CC
concrete. Similar results were obtained by Nath and Sarker (2011) at 28 and 90 days. The
concretes produced with 50% of FA achieved lower strength than the CC concrete in all the
tested ages. Although the employment of CEMI improved the properties achieved by concrete
produced using CEMII, the CFA50.2 proved to have 14.8% lower strength than that of CC after
90 days (see figure 1). This in all probability was due to a none reaction in some of its high
volume of FA (Hemalatha and Ramaswamy, 2017; Xu and Shi, 2018). In stage 2, the concrete
CRA achieved the highest strength at 7 and 28 days, and the CRAFA25 concrete after 90 days.
Table 2. Physical properties of concretes produced in Stage 1 and 2, Compressive strength of concretes at 7, 28
and 90 days.

Physical properties
Absorption
(%)

Dry
Density
(kg/dm3)

CC
CFA25
CFA50
CFA50.2

4.70
3.98
3.95
3.70

2.19
2.28
2.29
2.32

CRA
CRAFA25
CRAFA50
CRAFA50.2

5.56
4.52
4.16
4.06

2.16
2.24
2.24
2.23

Ratio compres. strength (concretes /CC)

120
100

Compressive strength (MPa)

Vol. of accesible
porous (%)
STAGE 1
10.29
9.09
9.04
8.38
STAGE 2
12.04
10.11
9.32
9.06

CFA25

CFA50

CFA50.2

CRAFA25

CRAFA50

CRAFA50.2

7 days

28 days

90 days

36.7
29.0
17.5
22.1

42.0
39.3
29.1
32.7

49.6
49.4
39.5
42.2

34.5
31.5
19.2
23.7

41.3
38.7
26.9
30.5

47.5
48.1
37.8
41.8

CRA
CC

80
60
40
20
0

7 days

28 days

90 days

Figure 1. Ratio of the compressive strength of all the concrete with respect to that of CC concrete.

At 7 days of curing, the concretes produced employing RCA and FA achieved a higher
strength than that of the concretes produced employing FA and NA (see Figure 1). The rough
surface and attached un-carbonated mortar of the RCA caused adequate ITZ in CRA (Etxeberria
et al., 2007).
At 28 days and 90 days, the concrete produced with RCA achieved a slightly lower strength
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to the concretes produced employing natural aggregates. In stage 2, the CRAFA25 achieved the
highest strength at 90 days due to the pozzolanic effect of FA and its reaction with Ca(OH)2,
similar behaviour was determined by Kou and Poon (2013).
In addition, the two concretes produced employing 25% of FA achieved the strength of the
CC concrete. Cement type I 52.5R (CEMI) was required for concrete employing 50% of FA in
order to avoid a high strength reduction at 90 days.
5.2 Carbonation and Chloride Resistance
Figure 2a shows the chloride penetration resistance of each concrete at 28 and 90 days, in
accordance with the total charge passed value obtained, which are categorized as low, moderate
and high corrosion risk.
At 28 days, almost all of the concretes were classified with moderate risk for corrosion,
except the CC and CRA concretes, which were classified as high risk of corrosion. The
employment of a higher percentage of FA reduced the corrosion risk. The concretes produced
employing 50% of FA and RCA (CRAFA50 and CRAFA50.2) achieved the lowest value of
the total charge passed. At 90 days, the concretes produced with 50% of FA, CFA50.2 and
CRAFA50.2, achieved the lowest value. The CRA concrete was found to still have a high risk
of corrosion after 90 days of curing.
In stage 1, the concretes produced with 50% FA and natural aggregates achieved the highest
decrease of the total charge passed value from 28 days to 90 days. The reduction of the total
charge passed of the CFA50.2, CFA50, CFA25 and CC concretes were 53%, 40%, 25% and
19% respectively. In stage 2, the reduction rate of CRAFA50.2, CRAFA50, CRAFA25 and
CRA were 27%, 10%, 41% and 9%, respectively. The RCA was also found to have an influence
on the chloride resistance.
The average carbonation depth of each concrete specimen after their exposure to 20% of
CO2 during 7 days, 14 days and 28 days is shown in Figure 2b. After 7 days of exposure, the
concretes produced with 50% of FA and NA suffered the highest carbonation depth, the use of
50% of RCA reduced the CO2 penetration.
It is clear that the employment of FA increased the depth of carbonation within the concrete
samples. Several researchers have also determined this (Khunthongkeaw, Tangtermsirikul, and
Leelawat 2006; Kurda, De Brito, et al., 2019). The concretes produced with 100% of CEMII as
well as employing 25% of FA achieved the highest resistance to carbonation at any time, being
higher when RCA was employed for concrete production. In this research work un-carbonated
RCA aggregate was employed, which was carbonated during their contact with CO2, increasing
the concretes carbonation resistance. Similar results were obtained by Thomas et al. (Thomas
et al., 2013). Most of the research work carried out up to date define that concrete produced
employing RCA achieved lower carbonation resistance due to its high porosity of RCA (Kurda,
De Brito, et al., 2019; Leemann and Loser 2019), however the carbonated or un-carbonated
state of RCA could modify this behaviour. After 28 days of CO2 exposure, the concretes
produced with 50% of RCA and 50% of FA suffered a greater carbonation process. In all
probability, the result was due to a higher presence of cement paste which became modified as
a result of a high CO2 concentration (Castellote et al., 2009). However, this effect will be lower
at natural exposure.
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Total Charge Passed (Coulombs)

5000

CC
CRA

CFA25
CRAFA25

CFA50
CRAFA50

HIGH

4000
MODERATE

3000
2000

35

CFA50.2
CRAFA50.2

LOW

1000
0

CC
CFA50
CRA
CRAFA50

30

Carboation depth (mm)

6000

25

CFA50
CRAFA50.2
CFA50.2

CFA25

CFA50

15

CFA50.2
CRAFA50
CRAFA50.2
CFA25
CRAFA25
CRA
CC

10

0

90 days

CRAFA50

20

5

28 days

CFA25
CFA50.2
CRAFA25
CRAFA50.2

0

CRAFA25
CC
CRA

7

14

Time (days)

21

28

Figure 2 a) Chloride-ion penetration of concrete mixtures and ASTM corrosion ranges. b) carbonation depth of
concrete mixtures.

6

Conclusions

The following conclusions can be drawn based on the results presented above:
- The effect of RCA in decreasing and increasing the density and absorption capacity,
respectively, of concretes was lessened by employing FA. The CRAFA50 and CRAFA50.2
achieved a higher density, lower density and porosity than that of the CC concrete.
- The results of compressive strength test at 7 days determined that the concretes produced
employing FA achieved higher strength when RCA was used than the concretes produced with
NA. At 28 and 90 days. The concrete produced with 50% of RCA with or without employing
25% of FA achieved similar strength to that of the CC concrete. At 90 days, the concretes
produced with CEM I and 50% FA achieved 14% lower strength than the CC concrete
- Chloride ion penetration was more influenced by the type of binder employed than the type
of aggregates used. The concrete produced with 50% of FA achieved the highest resistance to
chloride ion penetration. The concrete produced with 50% of RCA achieved high resistance to
corrosion when 25% or 50% of FA was employed for concrete production. CRA (the concrete
without FA) proved to achieve the lowest resistance to chloride ion penetration.
- The employment of FA increased the depth of the carbonation of the concrete samples. After
7 days of 20% CO2 exposure, the use of RCA was shown to reduce the carbonation depth of
the concretes produced with 50% FA and NA. The employment of RCA in concrete production
with CEM II or employing 25% of FA caused the lowest carbonation depth.
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What do Housing Estate Managers Provide, What do the Users See?
Anna Ostańska
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Lublin University of Technology, Nadbystrzycka 40, 20-618 Lublin, Poland, a.ostanska@pollub.pl
Abstract. Modernizing multi-family residential estates in operation for about 40 years is a multifaceted
and complex process. In Poland, these assets cannot be considered "degraded" yet, they are not an
obvious object of deep retrofit actions. The literature on the subject and the author’s own research
confirm that the management of Polish housing estates is carried out with the focus on current repairs
and improving energy efficiency by insulating the buildings’ envelopes. Poland lacks long-term
programs to implement retrofitting actions based on the analysis of both social and technical needs and
aimed at improving the estate’s sustainability parameters. The author puts forward an original
approach to the programming of sustainable housing stock retrofit based on the PEARS model (PeopleEnvironment-Actions-Resources-Sociology). The paper focuses on the social research part of the model
and presents the case-based analysis – the results of the recurring survey conducted to provide input
for sustainable planning of the estate improvements. The paper is a summary of over ten years of
research and studies on practices of maintenance of infrastructure and buildings, changing user needs,
and user opinions on the possible directions towards sustainable housing.
Keywords: Housing Stock, Deep Retrofit, Sustainable Housing, Recurrent Survey.

1 Introduction
Polish housing estates with prefabricated buildings, created between nineteen-sixties and nineties, are still considered a valuable asset (Zyga, 2014). This is due to their generally
satisfactory technical condition (Nowogońska, 2017), good location and presence of local
amenities, as well as the shortage of affordable housing. However, the maintenance of these
assets becomes a challenge because of the scale of the problem (Ostańska, 2019) (buildings of
this type and age are present in practically all towns and cities, as shown in Fig. 1), complex
ownership structure (obstacle in the decision-making process (Radziszewska-Zielina, 2006)),
and changing regulations (promoting individual ownership of flats (Radziszewska-Zielina and
Gleń, 2013, 2014). The growing expectations towards energy efficiency, user safety, and
comfort, accompanied by growing requirements of the building codes, make the “prefab
blocks” becoming obsolete. Therefore, keeping the buildings fit for purpose requires
(Runkiewicz et al., 2014) not only repairs, but also investment (Yiu and Leung, 2005;
Taczanowska and Ostańska, 2012; Radziszewska-Zielina and Gleń, 2013; Komar, 2014,
Wójtowicz, 2014; Stevenson and Baborska-Narozny, 2017). She wrote about the types and
needs of surveys in architecture, among others, about the types and needs of surveys in
architecture Niezabitowska (2014).
The residents of the housing estates have the greatest knowledge on the functional
deficiencies of the flats, the buildings, and the infrastructure and amenities of the estates. As
flat owners, members of the housing cooperatives, or just clients-users, they have also the power
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to oppose the investment plans proposed by the estate management as well as the power to
affect them. As observed in practice, the residents rarely use the opportunity of the latter, so
they rarely participate in the management of the estates in an active way.
The aim of the research presented in this paper was twofold: to collect input for planning
improvement measures customized for a particular estate directly from the users, and to
stimulate the interest of the residents in the possibilities of influencing the managers' decisions,
especially regarding the current needs and corrective or improvement actions aimed at
"reviving" the estates (Ostańska, 2009, 2015).

Figure 1. Distribution of prefabricated housing systems in Poland (1975-1985) according to location of
prefabrication plants.

The author conducted a number of surveys in selected housing estates in three voivodships
(Fig. 2). Most of them were carried out in Lubelskie Voivodship and repeated in regular
intervals to juxtapose physical changes in the estate with changes of the residents’ opinions on
most urgent or most wanted improvements.

Figure 2. Location of surveys.
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The paper presents the methodology behind the research and discusses results obtained in
three particular housing estates in Lubartów (Ostańska, 2018). The surveys consisted in
a questionnaire-based direct interview with the residents conducted first in 2010, and repeated
in 2014.

2 Methods
The idea of the survey is presented in Figure 3. Its starting point was the selection of the object
of research: an estate. After obtaining the estate management’s consent to conduct the survey,
a preliminary "in situ" assessment of the condition of the buildings and infrastructure was
conducted and clusters of buildings representative for the estate were selected to serve as the
sample. The residents of these buildings were then approached at home to provide answers to
a set of questions on both renovation (R) and modernisation needs of the estate, the building
and the flats. The modernisation comprises sustainability (Me) and functional (Mf) aspects.

Figure 3. The idea of the survey on the opinions of the housing estate residents.

The interviews were intended to be repeated according to the same questionnaire in regular
intervals. The purpose of repeating the survey was to update the insight into the modernization
needs based on the opinion of the residents, and analyzing the perceived effects of the estate
managers' activities.
The participants of the research were limited to adults living in the blocks of flats selected
as the sample. Only one person per flat was asked to give answers.
The interviews were conducted on the basis of an original questionnaire: a standard form
adjusted to the particularities of the housing estate in question. The questionnaire contained a
total of 26 questions, including open-ended, closed-ended single-choice and closed-ended
multiple-choice questions. Semi-open questions (logically open, technically closed) provided a
list for multiple choice of feasible corrective actions, including measures for saving energy and
improving functionality. Other semi-open questions concerned the list of common-use facilities
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present in the estate to check if they are still in use. A single logically and technically open
question concerned the works the residents conducted on their own in their flats. The
classification and demographic questions concerned: age, education, migration and
participation in the costs of renovation.
Thus, the full scope of the survey questions comprised:
- deficiencies in local amenities,
- condition of the estate's infrastructure,
- comfort of living (buildings and dwellings),
- opinion on the priorities for corrective actions.
The complete questionnaire form can be found in Ostańska (2018) (Appendix 3a,
Questionnaire C/2010).

3 Results
In the particular case presented in this paper, the survey was conducted twice to answer the
following questions:
1) Did the residents’ priorities on “the most urgent needs” change over time and with
the measures actually taken in the estate?
2) Did the preferences of the housing estate residents' needs change in terms of
repair/renovation works (R), modernization measures aimed at environment
protection (Me), and functional modernization (Mf)?
3) Did the housing cooperative’s spending stay in proportion to the preferences of the
residents?
The research conducted on three housing estates in Lubartów produced 102 filled
questionnaires in 2010 and 102 questionnaires in 2014. Analysis of the results of three housing
estates in Lubartów shows that the age structure of people surveyed in 2010 and 2014 is
significantly different (χ2[3, n = 196] = 10.46; p = 0.015; ϕ = 0.231). It should be noted that the
number of people aged over 65 slightly increased (25.8% in 2010 vs. 30.3% in 2014). However,
significant differences (decrease in 2014 compared to 2010) are observed in the age group 4665. The remaining groups do not differ from each other in particular years (Figure 4).

Figure 4. Age structure of the respondents: 2010 and 2014.

Considering the residents' responses to the perceived “most urgent needs” (Figure 5), it was
observable that the average number of unsatisfied “most urgent needs” per respondent in 2014
(2.63) was lower than in 2010 (3.95) (t(204) = 2.96; p = 0.003). The detailed analyses confirmed
differences in seven of the sixteen areas studied:
- Facade painting (χ2[1, n = 204] = 5.10; p = 0.024; ϕ = 0.158) - increase from 5.9% to
15.7%,
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Painting staircases (χ2[1, n = 204] = 19.02; p < 0.001; ϕ = -0.305) – a drop from 46.1%
to 18.6%,
- Installing a lift (χ2[1, n = 204] = 6.17; p = 0.013; ϕ = -0.174) – a drop from 36.3% to
20.6%,
- Repair or replacement of balconies (χ2[1, n = 204] = 25.81; p < 0.001; ϕ = -0.356) – a
drop from 39.2% to 20.6%,
- Basement ceiling insulation (χ2[1, n = 204] = 15.93; p < 0.001; ϕ = -0.279) – a drop
from 38.2% to 13.7%,
- Window replacement (χ2[1, n = 204] = 12.66; p < 0.001; ϕ = -0.249) – a drop from
23.5% to 5.9%,
- Replacement of electrical installation (χ2[1, n = 204] = 40.16; p < 0.001; ϕ = -0.444) –
a drop from 52.0% to 10.8%.
No significant differences were noted in other aspects. Interestingly, only one aspect (facade
painting) received a significant increase of residents’ interest, almost by 10%, in relation to the
results obtained in the first study.
-

Modernizing/replacing heating system

5,9%
15,7%
46,1%

Installing gas meters

18,6%

Replacing the lighting system with an energy
saving one

17,6%
18,6%

Replacing electrical systems
Replacing water and sewage systems

2010

9,8%
11,8%

2014

6,9%
12,7%
36,3%

Insulating roofs
Insulating external walls

20,6%
39,2%
8,8%
38,2%

Replacing windows
Insulating basement ceilings

13,7%
23,5%
5,9%
17,6%
13,7%

Balconies: repair and enclosing
Adding a lift

20,6%
11,8%
22,5%
20,6%

Combining bathroom with WC
Increasing the area of one of the rooms at
the expense of other rooms
Replacing the flooring
Painting staircases
Painting facades

52,0%
10,8%
17,6%
11,8%
4,9%
7,8%
12,7%
7,8%

Figure 5. Priorities of improvements according to the respondents (share in the number of all indications).
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Comparing the results of 2010 and 2014 (Figure 6), differences were observed in the
category of “modernization measures aimed at environment protection” (Me) (decrease from
68.6% to 58.3%; t(204) = 3.975; p < 0.001) and functional modernization (Mf) (increase from
16.7% to 30.3%; t(204) = -2.436; p = 0.016).

Figure 6. The residents’ priorities of “most urgent” improvements according category and the year of the survey
(description in the text).

The next step was to compare the priorities of the estate management with the priorities of
the residents. This was done by juxtaposing the shares of actual spending on repair/renovation
activities (R), modernization measures aimed at reducing the estate’s environmental impact
(Me), and functional modernization (Mf) with the proportions of the numbers of the residents’
indications of the most urgent needs that belong to these categories (Figure 7). As expected,
significant discrepancies were found.

Figure 7. Users’ perceived “most urgent” needs for improvements vs. actions taken by the estate managers
expressed as the share in total spending (description in the text)
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In 2010, 68.6% of all residents’ indications on the “most urgent needs” concerned Me,
whereas the housing cooperative spent 88.2% of its budget on actions within this category
(t(211) = -7.544; p < 0.001). As for Mf, the cooperative spent practically nothing, while 16.7%
of the inhabitants pointed to the urgency of actions from this category (t(211) = 7.000; p <
0.001).
In 2014, current repairs consumed only 3.1% of the cooperative’s budget, though the
residents’ indications on actions from this category were 11.4% of all indications. The Merelated “most urgent” needs constituted 58.3% of all residents’ indications, whereas the housing
cooperative's spending on them constituted 34.6% of their total expenditures (t(102) = 4.940; p
< 0.001). The “most urgent needs” in functional modernization had 30.3% of residents’
indications, but the cooperative spent as much as 62.3% of the budget on this category (t(102)
= -6.666; p < 0.001). This was possible due to extra funds from an EU-sponsored urban
regeneration grant.

4 Summary and Conclusions
The residents’ opinions on “urgent needs” related with maintenance and improvements to the
fabric of their housing estates evolve over time (between the first survey in 2010 and the next
one in 2014) and with the measures actually taken by the estate management. In particular, the
repair/renovation needs seemed to be at least partly satisfied, as less people pointed to the items
from this category in the second survey. A similar number of items from the list of
“modernization measures aimed at environment protection” were selected as worth
implementing in 2010 and in 2014. The need for “functional modernization” visibly increased,
which may be related to the growing age of the residents and growing needs for comfort and
accessibility.
The proportion between the housing cooperative’s expenditures on maintenance and
modernization measures does not correspond to the reported needs of the residents, especially
in terms of functional modernization: in the case of the presented housing estate, no investment
was done in functional modernization at all. Despite the passage of time, the actions taken by
the estate management are not consistent with the expectations of the inhabitants.
The method of monitoring the residents’ needs adopted in the presented research, so a direct
interview, proved feasible. The results provide a valuable input on user expectations, and this
input was successfully used in practice to define the scope of modernization projects in several
housing estates in Lubartów. Keeping up to date with user needs, the housing estate managers
are able to revise the action plans.
Though the face-to-face interview is a labor-intensive way of collecting input, both the cost
and effort related with data collection and analysis proved acceptable. However, the surveys
should be continued on a regular basis. To facilitate the dialog between the residents and the
estate management and to streamline the data collection process in the future, it is advisable to
construct an Internet platform. Its design is the current subject of the author's research.
ORCID
Anna Ostańska: http://orcid.org/ 0000-0002-1789-4288
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Abstract. In recent years, the use of granulated blast furnace slag (GBFS) sand as fine aggregate in
concrete has been increasingly discussed from the viewpoint of environmental impact reduction and
effective utilization of by-products in Japan. The various physical properties of concrete with GBFS
sand, such as the compressive strength, drying shrinkage, and carbonation, were evaluated.
Especially, it was demonstrated that GBFS sand can modify the hardened cement paste around it
owing to the reaction of amorphous phase in the sand. Moreover, its resistance to sulfuric acid is
considered to be as excellent as that of BFS powder. Therefore, in this study, we attempted to evaluate
the performance of GBFS sand using a freeze-thaw (F-T) and acid immersion tests. Consequently, it
was found that GBFS sand mortar had a significantly higher resistance to F-T and sulfuric acid than
crushed sand mortar. In addition, it improved the resistance to freezing and thawing by prolonged
curing. In our experiments, the resistance of GBFS sand mortar to sulfuric acid was measured to be
approximately four times higher than that of crushed sand mortar. In contrast, in the case of nitric
acid, the ratio was measured to be only two times higher. From the above results, it was concluded
that the performance of GBFS sand can be easily judged by F-T and sulfuric acid immersion tests.
Keywords: Blast Furnace Slag, Quality Evaluation, Resistance Test, Acid, Freeze-Thaw.

1 Introduction
From the viewpoint of environmental protection and depletion of natural resources, the use of
artificial aggregates and by-products are promoted for concrete aggregate. In Japan, the JIS
standard for coarse aggregate for concrete of blast furnace slag was established in 1977 and
the standard for blast furnace slag fine aggregate was added in 1981 (JIS A 5011-1). However,
the use of blast furnace slag as aggregate remains at approximately 0.7% of the aggregate for
concrete because blast furnace slag aggregate has a poor track record and its quality is not
reliable enough.
If the utilization rate of GBFS sand is improved, the environmental footprint can be
reduced and a high durability concrete structure can be constructed. Therefore, the reactivity
of GBFS sand is appropriately evaluated and its performance is incorporated into the concrete
performance design to improve reliability. When GBFS sand is used for concrete, it is known
to improve the neutralization resistance, F-T resistance, and permeability resistance to
chloride ion and sulfuric acid, and reduce the drying shrinkage (e.g., Ayano et al., 2014; Patra
et al., 2018; Takahashi et al., 2018). The performance of GBFS sand is determined by the
reactivity depending on the composition and manufacturing method.
In this study, to establish the method for evaluating the reactivity of GBFS sand, we
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examined the GBFS sand quality evaluation test methods and test conditions. When GBFS
sand is used for concrete, the interface between the aggregate and cement paste is modified.
To measure the reactivity of interface between GBFS sand and cement paste, F-T test was
conducted in salt-water. In addition, acid immersion test was performed to measure the
reactivity of GBFS sand with acid. Crushed sand was used for the comparison with GBFS
sand.

2 Experiments
2.1 F-T Test in Salt Water Using Small Mortar Pieces
2.1.1

F-T test process

• Using a diamond cutter, from a 40 * 40 * 160 mm mortar cured under water with a
temperature of 20 °C until the age of seven days, quarry test specimens that is 10 ± 2 mm
cube on all sides.
• Quarried specimens were cured in water up to the planned age.
• Test solution was prepared by adding 5 mass% sodium chloride.
• Moisture was wiped from the surface of the specimens cured until the planned age, the
seven pieces were formed into a set, and the total mass (m0) was measured.
• A set of specimens and 10 ± 0.05 times the test solution was placed in a 200–300 mL test
container, its lid was capped, and it was left in the F-T apparatus (Figure 1.).
• The F-T cycle consisted of a 16 h freezing step and 8 h thawing step (Figure 1.).
• At the end of 28 cycles of F-T, the surfaces of the pieces that remain on the sieve (4.75 mm)
were wiped off and the mass (mt) was measured.
• Mass residual rate (R) was evaluated using the following formula.
R=

Where,

𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡
× 100
𝑚𝑚𝑚𝑚0

(1)

R: Mass residual rate after t cycle (%)
m0: Initial mass (g)
mt: Mass after t cycle (g)

2.1.2

F-T test conditions

Table 1. shows the conditions for the F-T test. We examined the effects of the curing period
and test period on the F-T evaluation test in salt-water. Furthermore, to investigate leaching
during the test, it was compared with a test system using a saturated aqueous solution of
calcium hydroxide (CH) as a solvent.
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Table 1. Conditions for the F-T test.
Symbol Cement Fine aggregate
14B
BFS
14S
S
14B+CH
BFS
14S+CH
S
OPC
28B
BFS
28S
S
28B+CH
BFS
28S+CH
S

W/C

S/C

Curing Test period

5% NaCl

14d
0.5

2.25

Solution

(7cycles)

5% NaCl
+CH sat.aq.

28cycles

5% NaCl

28d

5% NaCl
+CH sat.aq.

Figure 1. Conditions of F-T test.

2.2 Acid Immersion Test Using Mortar Cylinder
2.2.1

Acid immersion test process

• Cylinder specimens (diameter = 50 mm (D0), height = 100mm) cured up to 28 days in water
at 20 °C were immersed in 5 mass% acid, which is more than five times the specimen
volume.
• Complete immersion of the specimen was confirmed, its container was covered, and left at
20 ± 2 °C. Figure 2. shows the conditions for the acid immersion test.
• In case of “with” exchange, all acid solutions were replaced every seven days, and the upper
and lower sides of the specimen were inverted each time.
• After immersion for 56 days, a cut was made on the center of the remaining specimen height.
• Phenolphthalein solution was sprayed on the cut surface and the diameter of the colored part
(D56) was measured.
• Evaluation is based on the erosion depth (Ys) derived from the following equation.

Where,

Ys =

(𝐷𝐷𝐷𝐷0 − 𝐷𝐷𝐷𝐷56 )
2

(2)

Ys: Erosion depth (mm)
D0: Initial specimen diameter (mm)
D56: Diameter of non-neutralization area after 56 days (mm)
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2.2.2

Acid immersion test condition

For the acid immersion test, we investigated sulfuric acid and nitric acid. In addition, we
investigated the possibility of reducing acid waste and the number of test processes by
comparing the “with” and “without” test solution exchanges. Table 2. lists the conditions for
the acid immersion test.
Table 2 Conditions for the acid immersion test.
Symbol Cement Fine aggregate
B-S
BFS
S-S
S
B-S(N/A)
BFS
S-S(N/A)
S
OPC
B-N
BFS
S-N
S
B-N(N/A)
BFS
S-N(N/A)
S

W/C S/C Curing Test period

Solution

Solition exchange

5% H2SO4
0.3

1.7

28d

56d
5% HNO3

with

Liquid-solid ratio
5 times or more
（7.0）

without

22.5

with

5 times or more
（7.0）

without

22.5

Figure 2. Conditions for the acid immersion test.

3 Results and Discussion
3.1 F-T Test Results and Discussion
Figure 3. shows the effect of curing days.
Figure 4. shows the effect of leaching.
Table 3. shows the pH of the solution after the F-T test.
3.1.1

Difference in number of curing days

Compared to crushed sand mortar, GBFS mortar clearly demonstrated the difference in mass
residual rate for a curing period of 28 days. To evaluate the quality potential of GBFS, a
longer curing period was considered necessary.
3.1.2

Difference in test period

GBFS with 28 days of curing could evaluate the quality even at the end of 28 cycles; however,
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under other conditions, the mass residual rate was extremely low at the end of 14 cycles,
making it impossible to evaluate the quality of the aggregate. When the residual mass of the
mortar began to decrease, seven cycles were considered suitable for evaluation.
3.1.3

Effect of leaching

F-T using salt-water requires higher F-T resistance than when fresh water is used. Focusing
on the difference in test solution during the seven cycles of 14-day curing, 5% NaCl showed a
smaller value for 5% NaCl + CH sat.aq. (11% for GBFS, 13% for crushed sand). From these
results, it is considered that 5% NaCl evaluates the quality of GBFS in the state of adding the
influence of leaching as well as F-T. From Table 3., the initial value of 5% NaCl is pH = 7.22;
however, after testing both GBFS and crushed sand, their pH exceeded a value of 12. In
contrast, the initial value of 5% NaCl + CH sat.aq. was pH = 12.95 and 12 or more after the
test. From the result, it was surmised that leaching is suppressed in 5% NaCl + CH sat.aq.

Figure 2. Effect of curing days.

Figure 3. Effect of leaching.

Table 1. pH of the solution after the F-T test.
Symbol

5%NaCl

5%NaCl+CH sat.aq.

Initial

7.22

12.95

BFS-14

12.55

12.61

CS-14

12.45

12.54

BFS-28

12.87

12.95

CS-28

12.93

12.99

3.2 Acid Immersion Test Results and Discussion
Figure 5. shows the results of acid immersion test.
Figure 6. shows the state after the acid immersion test (no-exchange).
Figure 7. shows the shape of specimen after the acid immersion test about solution exchange.
3.2.1

Effect of liquid exchange

The depth of erosion in the sulfuric acid immersion test was reduced by 1.0 mm (28%) and
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4.5 mm (34%) for GBFS and crushed sand, respectively, when the liquid was not changed
because the total amount of solution in contact with the specimen during the test period was
as small as 22.5 in “without replacement,” as compared to 56 (7.0 times × 8 times) in “with
replacement,” per liquid-solid ratio. In addition, when the solution was changed, the
difference in fine aggregate performance was more pronounced. The erosion depth in the
nitric acid immersion test was also confirmed to decrease by 3.0 mm (48%) for GBFS and 3.2
mm (29%) for crushed sand. This is also thought to be due to the amount of solution in
contact.
3.2.2

Difference between sulfuric acid and nitric acid

GBFS erosion depth in sulfuric acid immersion test decreased to 27% in comparison to
crushed sand. In GBFS, calcium and magnesium were eluted by the reaction of sulfuric acid
and aggregate; thus, the expansion force of the generated dihydrate gypsum was relaxed and
deposited on the surface without peeling off, which is considered to suppress erosion
(Jariyathitipong et al., 2013). In this study as well, the suppression of peeling shown in Figure
6. was confirmed. In contrast, in the nitric acid immersion test, the erosion depth of GBFS
only decreased to 58% in comparison to crushed sand. Unlike dihydrate gypsum, calcium
nitrate is known to have very high solubility, which prevents the reactants from precipitating,
and the calcium elution is excellent; thus, erosion proceeds (Tanaka et al., 2008). This study
also showed the melting of calcium and softening of the surface layer.
In nitric acid erosion, the density of the hardened body is dominant. However, in sulfuric
acid, the influence of hydrate composition that affects the formation of dihydrate gypsum is
also added. Therefore, it seems that the erosion depth during sulfuric acid erosion was further
reduced.

Figure 4. Results of the acid immersion test.
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Figure 5. State after the acid immersion test (no-exchange).

Figure 6. Shape of specimen after acid immersion test about solution exchange.
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4 Conclusions
It is well known that GBFS has different performance depending on the raw iron ore and
process of steel mill (Tobo et al., 2015). However, few studies have evaluated the quality
variation of GBFS. In this study, we examined a method that can easily determine the
performance of GBFS. As a result, the following results were obtained from this study.
- The quality of GBFS sand as fine aggregate was evaluated by acid immersion test and F-T
test in salt-water.
- The implementation of the F-T test evidently expressed the difference in durability
depending on the reactivity of GBFS sand.
- Although leaching occurred during the F-T test by salt-water, it was found that destruction
by F-T was superior to that by leaching. Or, even if leaching occurs, its effect is small
when the liquid to solid ratio is 10.
- Long-cured GBFS mortar had a significantly improved resistance to F-T.
- The sulfuric acid immersion test enabled the evaluation of the resistance of GBFS sand to
sulfuric acid.
- In the reaction with nitric acid, although GBFS sand mortar showed higher resistance than
crushed sand mortar, it did not show special resistance like sulfuric acid immersion.
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Risk-Based Approach for Improving Concrete Bridges’ Inspection
Planning
Sindre Tronsli, Samindi M.K Samarakoon and R.M Chandima Ratnayake
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Stavanger, Norway, www.uis.no
Abstract. Visual inspection forms the basis of the inspection planning process for concrete bridges. The
authority responsible for bridge inspection maintains a database to record past inspection results, in
order to plan future inspections. It is a challenge to recognize and classify bridges that it is essential to
inspect based on inherent requirements. This is further exacerbated by the limited budget available.
This manuscript describes a methodology for classifying bridges based on risk of potential failure and
distributing the annual inspection budget for carrying out inspections on bridges accordingly. The
absence of such a methodology allocation of resources for bridge inspection without real need. For
example, on some occasions it is not necessary to inspect certain bridges on a time basis. Hence, this
study focuses on developing an inspection-planning approach based on the actual and predicted
condition (i.e. based on the database of past inspection data). It enables the bridges to be classified into
different categories, based on the risk of potential failures. This enables the effective distribution of
annual budgets among the bridges, avoiding unnecessary inspection that incurs pointless inspection
costs.
Keywords: Visual Inspection, Concrete Bridges, Group Technology.

1 Introduction
Routine bridge inspections are essential for maintaining information, damage status and proper
prioritization of bridge maintenance measures. In the Norwegian Public Road Administration
(NPRA), bridge inspections are defined as follows: “Inspection is a visual control combined
with surveying and testing of materials carried out to assess the bridges' condition and level of
safety. The inspection shall reveal the need for operational measures and/or maintenance, as
well as any need for reinforcement or rebuilding” (Vegdirektoratet, 2000). According to the
available information on bridge maintenance and current inspection procedure at the NPRA,
visual inspection has not been performed annually for over half the bridges in Norway. These
are serious figures, highlighting troublesome issues with the Road Administration Inspection
System. Following the disclosures, the NPRA estimated in 2017 that there is a lag in
maintenance and improvements for bridges and quays, which has a cost of NOK 15 billion
(Statens Vegvesen, 2017a). From 2017, the government increased funding for road and bridge
maintenance in the national budget by NOK 2.9 billion, which corresponds to an increase of
7.7% (Regjeringen, 2017). But, even though the government has increased its support for bridge
maintenance in recent years, it is not certain that this support will persist. The NPRA estimates
that they have a huge backlog of NOK 15 billion in the maintenance of bridges and quays. At
the same time, in 2013, an ambitious streamlining programme was established, which states
that the NPRA must cut internal costs by 10-15% by 2023. This corresponds to cuts of around
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NOK 1.4 billion (Statens Vegvesen, 2018). Therefore, it is vital to improve the existing
inspection procedure, to optimize the available budget. This situation underlines the need for
Risk Based Inspection procedures, which include optimal prioritization of inspections and the
determination of optimal inspection interval. This paper proposes the use of Risk Based
Inspection (RBI) for the planning of inspections, which will help to optimize and increase the
efficiency of the inspection procedure carried out by the NPRA.

2 The Existing Inspection Procedure in NPRA
In the inspection programme, once a bridge needs to be inspected, visual inspection, combined
with non-destructive/destructive testing, is performed to assess the condition and safety of the
bridge. Then, any damage or deficiencies in the bridge’s structural members (i.e. location)
should be recorded in a database. Possible damage/deficiencies (i.e. corrosion, cracks, spalling,
discolouring, etc.) in bridges are listed in the NPRA handbook (Vegdirektoratet, 2000) with a
representing number. Moreover, the NPRA has established a bridge management system called
‘Brutus’ to input all the information about all bridges in Norway. Therefore, the Brutus (i.e.
bridge inspection data base – BIDB) consists of the historical inspection data of the bridges.
When assessing damage, it is vital to classify the type, level (use Table 1), cause and
consequences of the damage to the entire bridge and/or the environment (use Tables 2 and 3).
Then, to recommend the level of action required, a priority level is calculated using Equation
(1). Furthermore, a higher priority level indicates a requirement for immediate action/measure
(Ratnayake and Samarakoon, 2018). However, damage levels can be set based on quantitative
parameters set by the NPRA, but only for cracks. Quantitative parameters for deciding the
damage level for spalling/Reinforcement (RF) corrosion, leakage or other damage modes have
not been set. This study will therefore develop quantitative measures to set damage levels
accordingly.
According to the procedure, each bridge should initially have a General Visual Inspection
(GVI) every year. Each bridge will initially have to carry out a Close Visual Inspection (CVI)
every five years. A CVI is defined as a condition monitoring of the entire bridge, in order to
verify that it fulfils its function, and is a more comprehensive type of inspection compared to a
GVI. But the intervals of one and five years for GVI and CVI, respectively, do not always
represent the optimal inspection interval. The procedure for changing the inspection interval
starts with observation of serious damage during inspection, with the consequence level being
set to a minimum of 3. Then, the inspection engineer evaluates the damage and the bridge as a
whole, in respect of whether the inspection interval should be changed for that particular bridge.
If the result of the evaluation indicates that the inspection interval should be changed, a Risk
and Vulnerability Assessment (RVA) shall be carried out to determine a new inspection interval
(Vegdirektoratet, 2018).
Table 1. Damage/defect level and rank. (Vegdirektoratet, 2000)
Rank
1
2
3
4
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Table 2. Consequence type and level. (Vegdirektoratet, 2000)
Consequence type
Damage/defect(s) threatening
bearing capacity
Damage/defect(s) threatening
road safety
Damage/defect(s) that may
increase maintenance costs
Damage/defect(s) that may
affect
the
environment/
aesthetics

*Abb.

Consequence
Level
L

B
RS

M

M/R

H

E/A

VH

Measures to be taken
No action required
Register the recommended measures
in BIDB
• Register
the
recommended
measures in BIDB, and
• Inspection interval shall be
recommended
Immediate action is required

Rank
1
2
3
4

*

Abbreviation - B: Bearing capacity; RS: Road safety; M/R: Maintenance/Repair; E/A: Environment and aesthetic
appearance

Table 3. Example: Damage/defect level and rank -crack width (CW). (Vegdirektoratet, 2000)
Damage level

Low (L)
Medium (M)
High (H)
Very high (VH)

1
2
3
4

Rank

CW in mm

CW < 0.3
0.3 < CW < 1.0
1.0 < CW <2.0
CW > 2.0

Priority (P) = Damage level × Consequence of damage
(1)
when
: Recommended measures are normally not assessed before the next inspection
P≤6
8 ≤ P ≤ 12 : Recommended measures are assessed with the proposed time of execution
: Measures taken immediately
P = 16

3 Group Technology Concept to Improve Inspection Planning
3.1 Bridge Families and Representative Bridges
In order to develop optimal inspection procedures, the concept of group technology has been
used, as it has the potential to increase the efficiency of the inspection procedure (Rachman and
Ratnayake, 2019). Group technology is widely used in the manufacturing industry to classify
the system into subsystems and subdivide them into part families, based on design attributes
and manufacturing similarities. According to the literature, the use of group technology in
manufacturing processes helps to both improve the productivity and increase the efficiency of
the process. However, there are limited applications of the concept in civil engineering
applications. Group technology concepts are based on creating families of bridges with similar
characteristics, such as building materials, degradation mechanisms and condition, and, for each
bridge family, a representative bridge is designated. The representative bridge should have all
the characteristics of the remaining bridges in each bridge family. The purpose of the
representative bridges is that, on the basis of thorough inspections of the representative bridge,
one should be able to predict future damage conditions on the remaining bridges in the bridge
family. The representative bridge must undergo frequent inspections, and one should have good
information about its condition. This information is used to map and predict the condition of
the remaining bridges in the bridge family and should significantly reduce the number of GVIs
needed.
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Initially, based on building material, the bridges are grouped into primary families: reinforced
concrete, pre-stressed concrete and steel. The secondary families group the bridges primarily
by location and exposure. For example, they can be grouped as bridges close to the sea, inland
bridges and high-risk bridges which need special attention. To classify the groups, information
from the BIDB about previous inspections is used. Furthermore, a secondary family consisting
of “high-risk bridges” includes bridges in poor condition and operates independently of
exposure zone. The requirement for bridges in the high-risk family is a priority level > 9 on
critical damage, as given in Equation (1), i.e. damage priority 12 or 16. Critical damage is
damage with the highest priority level on the actual bridge. Bridges in the “High-risk” family
will not have a representative bridge, because all the bridges in the bridge family are at high
risk and therefore need thorough and frequent inspections on the same basis as the
representative bridges. The different secondary families are as follows: bridges in coastal
climates with priority level ≤ 9 on critical damage, bridges in inland climate with priority level
≤ 9 on critical damage, bridges with priority level > 9 on critical damage.
The study uses the bridges in the Rogaland, Norway, area to illustrate the method. Rogaland
consists of 721 road bridges; concrete is the most typical building material, with 522 bridges.
Furthermore, 133 bridges are built with pre-stressed concrete and 66 bridges with steel.
Moreover, Rogaland is a region in Norway with an elongated coast, and this is evidenced by
the high number of bridges located near/within the coastal area. In total, 359 of Rogaland's 720
bridges are in coastal areas, of which 48 qualify for the secondary family, “high-risk bridges”.
That leaves 311 bridges in the secondary family “bridges in coastal climate”. Although
Rogaland has an elongated coast, a large proportion of its bridges are located inland. A total of
361 bridges are located in inland areas, of which 51 are eligible for the secondary family, “highrisk bridges”. That leaves 310 bridges in the secondary family, “bridges in coastal climate”.
3.2 Selection of Representative Bridge
The representative bridges should have all the damage features (i.e. corrosion, leakage, spalling,
etc.). To ensure this, the study compares the damage frequencies, as well as other characteristics
like age, length and structural integrity for the individual bridges to the bridge family as a whole.
This is information that is available in NPRA’s database, Brutus. The study therefore involves
a damage frequency analysis, and this is the decisive factor when appointing representative
bridges. For this analysis, 90 bridges have been used, and the bridges are grouped. Then,
damage vs frequency analysis has been carried out for each group which consists of at least 10
bridges. Figure 1 shows a Pareto chart of damage vs frequency for the reinforced concrete
bridges in coastal areas, based on the registered inspections in the BIDB database until 2018.
The dominant mechanisms of damage to reinforced concrete bridges in coastal areas is found
to be corrosion of reinforcement and spalling (spalling/RF corrosion), leakage and cracks
(80%). Based on the frequency of each type of damage, representative bridges have been
assigned for each bridge group. For example, based on the damage and frequency analysis of
reinforced concrete bridges in coastal areas, “Kongsbrua” has been chosen as the representative
bridge for reinforced concrete bridges in coastal climate in Rogaland, Norway. It represents the
remaining bridges, with an approximately equal frequency of damage to the rest of the bridging
family, with damage rates of 45%, 27% and 27% for spalling/RF corrosion, leakage and cracks,
respectively. An assessment of other characteristics like age, length and structural integrity also
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has to be a significant factor in the process. In other words, the representative bridge should
have similarities to the rest of the bridge family when it comes to damage frequencies, age,
length and structural integrity.

Figure 1. Different types of damage vs frequency in bridge group: reinforced concrete bridges in coastal areas.

The methodology based on the concept of group technology has great potential in inspection
planning, and the use of representative bridges can significantly reduce the number of GVIs,
without compromising safety. But there are several factors that determine the credibility of the
method. Firstly, the bridges in the different families must be of a similar nature. This includes
approximately similar damage frequencies, as well as similar characteristics like age, length
and structural integrity. Secondly, the appointment of the representative bridge must be as
correct as possible. In addition to having similar damage frequencies to the rest of the family,
the representative bridge should both be older than and have greater damage than the majority
of the bridges in the family. The process does not designate any representative bridges for the
high-risk families. This is because bridges in the high-risk families are very different from each
other in terms of climate, age and length. The only thing they have in common beyond common
building material is one or more cases of serious damage (priority ≥ 12). It would be wrong to
designate representative bridges for the high-risk families, as it is very difficult to predict future
damage for serious damage whose development is already very advanced. Serious damage will
often develop in an accelerating and unpredictable way, making the prediction of future
condition uncertain (Vegdirektoratet, 2000). Therefore, all bridges in the high-risk families
should be given priority, with frequent and thorough GVIs, on the same basis as the
representative bridges. For bridges in families with a representative bridge, simple inspections
can be given a lower priority, as long as inspections of the representative bridge have given
satisfactory results.
3.3 Comparison of Repair Cost
In order to understand the severity of the damage in terms of repair costs, the cost of
implemented measures in the most typical damage modes – crack, spalling/RF corrosion and
leakage – have been studied. This was done by using the BIDB database, where both damage
priority number (i.e. calculated as given in Equation (1)) and estimation of repair cost related
to the damage have been recorded. The correlation between damage, damage priority number
and cost of repair has been studied, to understand which damage should be prioritized in
maintenance and inspection, from a cost-based perspective (Tronsli, 2019). It could be seen that
spalling/RF corrosion is the most expensive to repair, followed by cracks and leakage. For
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spalling/corrosion, the repair costs will, to a large extent, increase with increasing priority,
compared to cracks and leakage. Therefore, from a cost-based perspective, it is beneficial to
repair spalling/RF corrosion at an early phase of damage development.
3.4 Modification of the Existing Inspection Planning Process
Consider a geographical area
Select a group of bridges with similar
characteristics
Investigate main bridge damage mechanisms
recorded in the BIDB
Damage
mechanism - 1

Location - 1

Damage
mechanism - 2

Location - 2

Damage
mechanism - 3

Location - 3

Damage
mechanism - n

Select a bridge and compare with
representative bridge in the group and
understand dominant damage mechanisms
Update
BIDB

General inspection/Special inspection

Location - n

Record the damages in the bridge

Investigate the dominant mechanisms using Pareto charts and cost of repairs

Damage 1

Select representative bridge for the bridge
group

Location - 1

Development of inspection guidelines for
group of bridges
Inspection planning of concrete bridges

Damage 2

Location - 2

Damage 3

Location - 3

Damage -n

Location - n

Use a risk matrix to assess the consequence of potential failures
and prioritize the remedial measures
Physical bridge
inspection

Prioritize the measures to be taken

Figure 2. Modified inspection planning process.

The existing inspection procedure can be modified, as given in Figure 2, by implementing group
technology and a risk-based inspection planning process. However, it is vital to develop risk
matrices to assess the severity, considering consequences and repair costs. According to a repair
cost comparison, the cost of repairing spalling/RF corrosion is very high. Therefore, the risk
matrix has been developed to assess the severity of spalling/RF corrosion.

4 Development of Risk Matrix
To aid the inspection planning and to ensure an optimal inspection interval, the study developed
risk matrices, which decide optimal interval time, based on the priority level (refer to Equation
(1)) of the critical damage. The risk matrices developed are only in respect of the damage mode,
spalling/RF corrosion, as the damage frequency analysis and cost analysis showed that
spalling/RF corrosion are the most dominant and expensive of the damage modes. However,
the method of developing risk matrices is applicable for other damage modes. Four matrices
are applicable for the damage mode, spalling/RF corrosion, and they are based on the different
consequence types the NPRA uses (bearing capacity, road safety, maintenance and aesthetics)
when assessing damage. Table 4 shows the risk matrix developed for consequence type,
“maintenance”. In order to correctly assess the level of spalling/RF corrosion damage, the study
also developed a new scale, which evaluates the damage based on quantitative parameters. It
assesses the damage level, based on the size of the area of damaged concrete, and is only
applicable for reinforced and pre-stressed concrete bridges. The scale for consequence level is
used as in the existing procedure. The exception is for the consequence type, “maintenance”,
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where the consequence scale is replaced with a new scale, based on estimated cost for
maintenance, worked out from the cost analysis. By adding quantitative parameters to the
determination of damage and consequence levels, the accuracy of the assessment is increased,
minimizing the possibility of human error or incompetence when assessing damage with
consequence type, “maintenance”.
Table 4. Risk matrix for assessing spalling/RF corrosion; consequence type: Maintenance.

5 Case Study: Illustrative Example
During the GVI, the bridge is checked for damage and defects according to the modified process
given in Figure 2. When observing damage, damage and consequence levels shall be
determined by finding the right matrix, based on the different consequence types (referring to
Table 2). Then, the damage and consequence levels for the critical damage are entered into the
risk matrix, and the matrix will propose a new inspection interval for future GVIs on that
particular bridge. If the damage has consequence type M/R (maintenance/repair cost), a cost
analysis must be performed. This is about finding the approximate cost of repairing the damage
and must be done to find the consequence level, in order to find favourable inspection intervals
for GVIs. Bridge 11-0307 Gyastøl, which is located in Rogaland, Norway, has been chosen.
Built in 1945, it is a reinforced concrete bridge located in a coastal area. “Gyastøl” is compared
with “Kongsbrua”, which is the representative bridge for reinforced concrete bridges in coastal
areas. Based on the representative bridge, critical damage to “Gyastøl” is spalling/RF corrosion
on the bottom of the bridge slab, and the damage has been recorded with consequence level 2
and consequence type “maintenance”. The damage description states that there is around 1.5m2
of spalling, as given in Table 5, which corresponds to damage level 2. Using Table 4, a new
inspection interval for future GVIs on the bridge can be estimated. The analysis shows that
there is a low risk of failure, valued with priority 4 and consequence type “maintenance”, and
the matrix suggests a new inspection interval for upcoming GVIs of 24-36 months. Since the
previous GVI on the bridge was carried out on 6.6.2018, the next GVI will be set to the period
6.6.2020-6.6.2021. The case shows that it is possible to increase the intervals of GVI using risk
analysis and the risk matrix. This will ensure an optimal allocation of resources. Furthermore,
this increase in efficiency will enable an increase in resources dedicated to those bridges with
the greatest need for frequent inspections.
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Table 5. Inspection registered in BIDB: Bridge 11-0307 Gyastøl.
Inspection

Close visual inspection 12.09.2019 (Done)
Damage mode
Status
Spalling/RF corrosion
Open
Repaired
Consequence level
Damage level
Bearing capacity
1
2
3
4
1
2
1
2
Cause of damage
Traffic safety
1
2
Maintenance
Normal degradation of concrete
1
2
Aesthetics
Damage description
Around 1.5m^2 of spalling.

Expired
3
3
3
3

4
4
4
4

6 Discussion and Conclusions
The existing NPRA inspection procedure shows how bridges in Norway prioritize inspections
and utilize their budgets. It can be seen that the current inspection procedure does not utilize
the allocated inspection budget efficiently. To improve the existing method, and to increase the
efficiency of both the inspection procedure and the resource allocation in the NPRA, the
concept of group technology is proposed. The proposal to group the bridges into families,
according to different properties, and then to designate representative bridges for each bridge
family is a new way of working that will increase both efficiency and safety. However, it must
be considered that the sample size chosen in this study is small. Therefore, it is vital to carry
out further work and a damage frequency analysis using a larger sample size of bridges.
However, the application of the proposed improvements can contribute to a reduction in the
number of simple inspections, without compromising on safety.
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Abstract. The development of sustainable concretes is becoming an emerging issue in civil construction
sector. The use of Electric Arc Furnace (EAF) slag aggregates in the production of concretes is one
way to fulfill sustainability goals. Past research demonstrated a significant increase of mechanical
properties of EAF concretes when compared with ones made with natural aggregates (NA); however, at
the same time, their use implies also an increase of self-weight loads. The present contribution aims to
investigate the reliability of structural systems realized with EAF concretes, with special emphasis to
bridge structures. Two different bridge types, considered as case-study examples, are designed
considering ordinary concrete mixes, and subsequently, a reliability analysis is run for each EAF
concrete class in order to investigate the variation of structural safety margins related to the use of the
sustainable EAF concretes in replacement to the ordinary NA concrete mix.
Keywords: EAF Slag, Reinforced Concrete, Structural Reliability, Bridges.

1 Introduction
Among the viable solutions to improve the environmental sustainability of cement-based
materials, the use of recycled materials inside concrete mixes is acknowledged to be one of the
most effective. Both non-conventional binders and aggregates can be successfully used to
design concrete with satisfactorily high properties, both in terms of fresh properties, mechanical
strength and durability. However, less research has been devoted both in laboratory and at fieldscale about other manufactured aggregate types, even if the use of some of them in concrete has
shown promising results. This is the case of electric arc furnace (EAF) slag, a stony, very hard,
heavy-weight crushed material, which has been successfully employed to produce concrete
(Geiseler, 1996; Motz, and Geiseler, 2001; Koros, 2003). Further, many other studies (e.g.
Papayanni and Anastasiou, 2010; Pellegrino et al., 2013; Faleschini et al., 2015; Santamaria et
al., 2017) demonstrated how concrete with enhanced properties could be designed including
EAF slag as partial or full aggregate replacement, significantly reducing the environmental
impacts of the mix (Faleschini et al., 2014). Following the positive results achieved in smallscale specimens, some research works have been carried out to study also the structural
behavior of full-scale structural elements made of reinforced concrete (RC), including EAF
slag at varying replacement ratio inside the mixes (e.g. Pellegrino and Faleschini 2013;
Faleschini et al., 2017a; Faleschini et al., 2017b; Faleschini et al., 2017c; De Domenico et al.,
2018). The above literature has evidenced that EAF slag concrete can be suitably applied in
gravity structures, where its heavy-weight and high strength result as positive features.
However, doubts might arise about its efficacy when applied in elevation RC structures,
because the enhanced mechanical strength might not sufficiently balance the increased dead
loads of the RC EAF concrete elements. Accordingly, this paper aims to solve this question,
analyzing three classes of EAF concrete, characterized by increasing aggregates replacement
ratio, through reliability-based analyses of the capacity of RC structural elements made with
EAFconcretes.
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Two different bridge types, i.e. a single-span simply supported prestressed reinforced
concrete (PRC) bridge and a two- span continuous steel/concrete composite I-girder bridge, are
designed according to the 2008- Italian Building Code prescriptions and considering a classic
NA concrete mix. A reliability assessment is then performed for them, investigating the impact
of full replacement of NA concrete with each of the three EAF concrete classes considered (i.e.
C1, C2, A) on structural safety, thus quantifying the variation of structural safety margins
related to the use of the sustainable EAF concretes in replacement to a classic NA concrete mix.

2 Structural Reliability Index Assessment
Figure 1 shows the general structural reliability workflow herein adopted in the following
analyses: the workflow briefly presents key steps followed in assessing structural reliability
index b. As regards the three EAF concrete classes, Table 1 lists main properties of the selected
categories. More details can be found in Zanini (2019).

Figure 1. General structural reliability workflow.
Table 1. Properties of the selected EAF concrete categories (a concrete compressive strength ratio; b concrete
specific weight ratio).

EAF aggregates size
w/c ratio
fc_EAF/fc_NAa
rc_EAF/rc_NA b
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EAF - C1
> 4 mm
≤ 0.5
0.99 – 1.92
1.11 – 1.24

EAF - C2
> 4 mm
> 0.5
0.79 – 1.92
1.01 – 1.27

EAF – A
0 – 4 mm
0.78 – 1.11
1.01 – 1.28

Mariano A. Zanini

3 Application to Two Case-Study Bridges
The abovementioned structural reliability workflow was used to investigate how the use of EAF
concretes can impact structural safety of two different common bridge configurations, namely a
single-span simply supported PRC girder bridge (Bridge #1) and a two-span continuous
steel/concrete composite I-girder bridge (Bridge #2). Both bridge types were first designed
according to the 2008-Italian Building Code prescriptions (Italian Ministry for Constructions
2008), considering the use of ordinary NA concrete mixes. A reliability analysis was then
carried out on the benchmark case (NA) and on the three hypothetical sustainable construction
solutions (i.e. the same bridges in terms of sizing and reinforcement), realized with EAF-C1,
EAF-C2 and EAF-A concrete mixes. Load analysis was conducted for both structures in
accordance to Italian codes, accounting for self-weights of girders, dead loads of guard-rails
and parapets, traffic loads, and in addition, taking into account wind actions and RC pier selfweight in Bridge #2.
3.1. Bridge #1: Single-Span Simply-Supported PRC Girder
The first case study is represented by a single-span simply supported PRC girder bridge. The
span is 22 m-length and 13.5-m width and is composed by a RC slab of 30-cm thickness
sustained by 7 PRC beams connected with transverse cast-in-situ RC beams (0.2-m x 0.9-m)
located at the quarters. Each PRC beam is characterized by a double-T section of 1.3-m height
h and 0.6-m width b, with wings tf and web tw thickness values of 0.13-m and 0.15-m,
respectively. Figure 2 shows main geometrical features of Bridge #1.
For Bridge #1, the analysis was focused on the Ultimate Limit State (ULS) flexural strength
of the PRC beams. PRC beams were first designed in compliance with Italian Ministry for
Constructions (2008), considering a C30/37 NA concrete: acting ULS design girder bending
moments were computed for self-weight of materials and load model LM1 with TS placed at
mid-span, and subsequently distributed via the computation of Courbon’s distribution
coefficients in order to derive design acting bending moments Msd on each PRC beam. Hence,
PRC beam design was performed considering a stress-block constitutive law for concrete and
an elasto-perfectly plastic law for prestressing steel, assuming section wings of constant average
thickness equal to 0.165 m, neglecting the contribution of ordinary steel reinforcing bars and
considering a resultant prestressing cable ideally condensing all prestressing steel area Ap.
Main materials parameters adopted in PRC beam design.
Once designed the most loaded PRC beam, reliability analysis was carried out in order to
assess structural safety margin for the same bridge configuration realized both with NAC and
the sustainable EAF concrete mixes. First, input random variables were fixed for material
parameters, geometrical features, loads and model uncertainties: the type of distribution and
coefficient of variation assumed for each random variable can be found in Zanini (2019). One
output random variable x is here monitored, i.e. bending moment at mid-span. MC simulations
were run sampling data from input distributions and deriving bending moment solicitation
MS(x) and resistance MR(x) samples until the achievement of the convergence criterion. Hence,
sampled MS(x) and MR(x) values were fitted in order to derive related pdfs parameters: Figure 3
shows bending moment MS pdfs and MR fragility curves for both NA and EAF concrete mixes,
evidencing a lower fragility for EAF-C1 and EAF–C2 classes with respect to NA, whereas
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EAF-A class shows a higher fragility, and this can be mainly attributed to the compressive
strength reduction that characterizes EAF-A mix.

Figure 2. Bridge #1 main geometrical characteristics [in cm]: girder profile (a), girder plan (b), deck section (c)
and PRC beam section (d).
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Figure 3. Bridge #1 bending moment MS pdfs and MR fragility curves for NA and EAF concretes.
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In addition, slight differences can also be observed when comparing bending moment
solicitations MS of the three EAF concrete classes, while their pdfs are higher with respect to
the NA mix one, mainly due to their higher self-weight. Lastly, failure probabilities Pf and
related Structural Reliability Index b were computed for each concrete mix, leading to Pf
estimates of 1.98e-07, 7.24e-08, 3.48e-06, 2.28e-05 and b values 5.071, 5.259, 4.495, 4.077 for
NA, EAF-C1, EAF-C2 and EAF-A concretes, respectively. Results highlighted how the use of
EAF-C1 in this specific application leads to structural safety margins higher than NA concretes,
whereas EAF-C2 and EAF-A are characterized by lower structural reliability levels.
3.2. Bridge #2: Two-Span Continuous Steel/Concrete Composite I-Girder
The second case study is represented by a two-span continuous steel/concrete composite Igirder bridge (Figure 4). Bridge #2 has two spans of 30-m length and 13.5-m width and is
composed by a deck consisting in a RC slab of 30-cm thickness supported by 2 I steel profiles
of variable height ranging from 1.7-m at abutments to 2.8-m at pier support, connected with
open diaphragms made with coupled L steel profiles. I-steel profiles were sized according to
the 2008-Italian Building Code prescriptions Italian Ministry for Constructions (2008), thus
resulting in steel plates of 40-mm, 60-mm and 30-mm thickness for the upper wing, lower wing
and web, with 0.9-m and 1.3-m width for upper and lower wings, respectively. The deck is
supported by a 16-m height RC pier characterized by a rectangular hollow section with 2.5-m
height, 1.5-m width and 30-cm thickness. In the upper part, pier has a variable section which
joints with a beam cap of 1.3-height.
For Bridge #2, the analysis was focused on the Ultimate Limit State (ULS) combined axial
force-bending moment of the RC rectangular hollow pier. Pier section was therefore first
designed according to Italian Ministry for Constructions (2008), considering a C30/37 NA
concrete and a B450C steel reinforcement. ULS design axial load-moment (P-M) solicitation
points were computed considering two different load combinations (i.e. maximizing axial force
or bending moment on pier base section) taking into account the self-weight of materials, load
model LM1 with TSs placed at the most unfavorable section (i.e. in correspondence of pier
support), and wind action computed with the following formula:
(1)

where r is the air mass density equal to 1.25 kg/m3, vb is the wind velocity measured at 10 m
above the ground for open-country surface conditions, cp, ce and cs stand for the pressure,
exposure and shape coefficients, respectively, and Aref is the surface area of the structural
members impacted by wind. An equivalent rectangular Aref,deck area of 2.6-m height was
considered for deck, also adding a 3-m height equivalent rectangular Aref,traffic area in order to
take into account also vehicles profile, as specified in Italian Ministry for Constructions (2008).
P-M solicitation points were derived for both analyzed load combinations and then reinforcing
steel area was iteratively derived by computing the resistance P-M interaction diagram,
adopting a stress-block constitutive law for concrete and an elasto-perfectly plastic law for
reinforcing steel bars with main materials’ mechanical properties listed in Zanini (2019).
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Pier design process lead to identify the reinforcement solution able to equalize the worst PM solicitation point, thus resulting in two layers of 20 mm diameter longitudinal reinforcement
steel bars with 10 cm spacing (i.e. one inner and one outer surfaces, 28 bars in the shorter RC
web and 40 bars in the longer one, see Figure 4d).

Figure 4. Bridge #2 main geometrical characteristics [in cm]: longitudinal profile (a), transversal section (b),
deck section (c) and RC rectangular hollow pier and main steel profile sections (d).

Once designed the RC rectangular hollow pier, reliability analysis was carried out in order
to assess structural safety margin for the same bridge configuration realized with sustainable
EAF concrete mixes both in RC slab and pier elements. Input random variables were fixed, as
listed
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in Zanini (2019), whereas in this specific case, two output random variables x1, x2 were
monitored, i.e. RC pier base section bending moment and axial force. MC simulations were run
sampling data from input distributions, and deriving couples of bending moment-axial force
solicitation MS(x1)-NS(x2) and resistance P-M interaction diagram samples MR(x1)-NR(x2) until
the achievement of the adopted convergence criteria. Figure 5 represents fragility surfaces
derived for both NA and EAF concrete mixes highlighting, as expected, a lower fragility for
EAF-C1 and –C2 classes with respect to EAF-A and NA mixes.

Figure 5. Bridge #2 joint bivariate fragility surfaces for NA (a), EAF-C1 (b), EAF-C2 (c) and EAF-A (d)
concretes.

Failure probabilities Pf and related Structural Reliability Index b were then computed with
Eqs. 1, 4 obtaining Pf estimates of 4.25e-05, 1.26e-05, 1.93e-05, 5.53e-05 and b values 3.930,
4.212, 4.116, 3.866 for NA, EAF-C1, EAF-C2 and EAF-A concretes, respectively. Results
evidenced how the use of EAF-C1 and –C2 mixes in this specific application leads to structural
safety margins higher than NAC, whereas EAF-A is characterized by lower structural
reliability levels.
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4 Conclusions
The present work investigated the influence on structural safety margins related to the
replacement of common NAC mixes with EAF ones, with special emphasis to the field of the
design of common bridge types. A general structural reliability workflow was proposed in order
to formalize the methodology to be used in assessing the structural reliability index for a generic
n-dimensional problem. Two bridge case studies were then analyzed, showing reliable
outcomes when using EAF concretes for structural elements subject to compressional regimes,
like bridge piers or PRC beams. Among future improvements of the present study, further
efforts will also be required in order to investigate the impact of EAF concretes on seismic
reliability of RC structural systems.
ORCID
Mariano Angelo Zanini: https://orcid.org/0000-0001-9326-802X
References
De Domenico, D., Faleschini, F., Pellegrino, C. and Ricciardi, G. (2018). Structural behavior of RC beams
containing EAF slag as recycled aggregate: Numerical versus experimental results. Constr Build Mater, 171,
321-337.
Faleschini, F., Fernández-Ruíz, M.A., Zanini, M.A., Brunelli, K., Pellegrino, C. and Hernández-Montes, E. (2015).
High performance concrete with electric arc furnace slag as aggregate: mechanical and durability properties.
Constr Build Mater, 101, 113-121.
Faleschini, F., Bragolusi, P., Zanini, M.A., Zampieri, P. and Pellegrino, C. (2017a). Experimental and numerical
investigation on the cyclic behavior of RC beam column joints with EAF slag concrete. Eng Struc, 152, 335347.
Faleschini, F., De Marzi, P. and Pellegrino, C. (2014). Recycled concrete containing EAF slag: Environmental
assessment through LCA. Eur J Environment Civil Eng, 18(9), 1009-1024.
Faleschini, F., Hofer, L., Zanini, M.A., Dalla Benetta, M. and Pellegrino, C. (2017b). Experimental behavior of
beam- column joints made with EAF concrete under cyclic loading. Eng Struc, 139, 81-95.
Faleschini, F., Santamaria, A., Zanini, M.A., San José, J.T. and Pellegrino, C. (2017c). Bond between steel
reinforcement bars and Electric Arc Furnace slag concrete. Mater Struct, 50(3), 170.
Geiseler, J. (1996). Use of steelworks slag in Europe. Waste Manage, 16, 59-63.
Italian Ministry for Constructions (2008). D.M. 14/01/2008, Technical Rules for Constructions, Rome, Italy. (in
Italian).
Koros, P.J. (2003). Dusts, scale, slags, sludges... Not wastes, but sources of profits. Metallurgical and Materials
Transactions B, 34(6), 769-779.
Motz, H., Geiseler, J. (2001). Products of steel slags an opportunity to save natural resources. Waste Manage,
21(3), 285-293.
Papayianni, I. and Anastasiou, E. (2010). Production of high-strength concrete using high volume of industrial
by- products. Constr Build Mater, 24, 1412-1417.
Pellegrino, C., Cavagnis, P., Faleschini, F. and Brunelli, K. (2013). Properties of concretes with Black/Oxidizing
Electric Arc Furnace slag aggregate. Cem Concr Compos, 37, 232-240.
Pellegrino, C. and Faleschini, F. (2013). Experimental behavior of reinforced concrete beams with electric arc
furnace slag as recycled aggregate. ACI Mater J, 110, 197-206.
Santamaría, A., Orbe, A., Losañez, M.M., Skaf, M., Ortega-Lopez, V., González, J.J. (2017). Self-compacting
concrete incorporating electric arc-furnace steelmaking slag as aggregate. Mater Des, 115, 179-193.
Zanini, (2019). Structural reliability of bridges realized with reinforced concretes containing electric arc furnace
slag aggregates. Eng Struc, 188, 305-319.

1844

Tadatsugu
Study
on Technical
Kage, Hiroyuki
Standards
Tanano,
of Reinforced
Naoko Tsuchiya
Concrete
and
Structures
Hirosh Jinnai
with Long Service Life when
Using Blended Cement and Finishing Materials
XV International Conference on Durability of Building Materials and Components
DBMC 2020, Barcelona
C. Serrat, J.R. Casas and V. Gibert (Eds)

Study on Technical Standards of Reinforced Concrete Structures with
Long Service Life when Using Blended Cement and Finishing Materials
Tadatsugu Kage1, Hiroyuki Tanano1, Naoko Tsuchiya2 and Hiroshi Jinnai3
1

Dept. of Department of Building Materials and Components, Building Research Institute, 1
Tachihara, Tsukuba-c., Ibaraki-pref., Japan, kage@kenken.go.jp

2

Building Dept., National Institute for Land and Infrastructure Management, Ministry of Land,
Infrastructure and Transport, 1 Tachihara, Tsukuba-c., Ibaraki-pref., Japan, tuchiya-n92ta@mlit.go.jp
3

Dept. of Architecture, Faculty of Engineering, Tokyo Polytechnic University, 1583 Iiyama, Atsugic., Kanagawa-pref., Japan, jinnai@arch.t-kougei.ac.jp

Abstract. It is very important to improve and secure durability of reinforced concrete (RC)
building and housing, in order to extend the service life of it. In this study, these were studied
experimentally that the contribution ratio of blended cement to the carbonation resistance of
concrete when a part of OPC replaced to FA or BFS much more were used for concrete, and
the effect of carbonation suppression required for an effective finishing materials when these
were applied for concrete surface. As a result, we were able to obtain the knowledge that the
contribution ratio to the carbonation resistance of concrete using blended cement with different
mixture replacement ratio, and the effect of carbonation suppression required for 4 types of
finishing materials and its specifications, from the viewpoint of securing durability and
extending the service life of RC structures. Therefore, these were considered to be able to
sufficiently contribute to the review of the evaluation method or technical standards concerning
about the durability of RC structures prescribed in “Housing Quality Assurance Act” in Japan.
Keywords: Blended Cement, Finishing Materials, Water-Cement Ratio, Depth (thickness) of Concrete
Cover, Resistance or Suppression of Carbonation.

1 Introduction
It is very important to improve and secure durability of reinforced concrete (RC) building and
housing, in order to extend the service life of it. In Japan, the technical standards concerning
about the durability of RC structures and quality of concrete are prescribed in “Housing Quality
Assurance Act”. In the notification No.1374 shown in Table 1 related to this laws, the subjects
of “phenomenon of deterioration” are the rust of rebar caused by carbonation of concrete. This
table means a necessary measures have been taken to extend the period of large-scale repair
work is not required up to 3 generations (generally 75-90 years) under the general conditions
of environment and maintenance that are normally assumed. And, as the evaluation standards
of “reduction of deterioration” for concrete, the relationship between water-cement ratio (W/C)
and depth (thickness) of concrete cover is prescribed depending on the required durability
(carbonation resistance) of concrete. This is because the thickness of concrete cover in the RC
structures directly affects the corrosion of the rebar due to the carbonation of the cover concrete.
Therefore, in order to improve the durability performance and to extend service life of RC
structures, it is necessary to increase the cover thickness or reduce the W/C of concrete.

doi:10.23967/dbmc.2020.133
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In addition, this technical standard is specified assuming concrete using ordinary portland
cement (OPC), and when using fly ash (FA) or ground granulated blast-furnace slag (BFS) for
concrete, the mass of cement for calculating W/C must be excluding all (100%) of FA in this
certification standards. Also, the mass of cement for calculating W/C must be excluding 30%
of BFS, i.e. the “contribution ratio of carbonation resistance” of FA and BFS are defined as 0
and 0.7. This concept is determined in consideration of the contribution ratio of the mixture in
blended cement to the carbonation resistance of concrete. This concept is determined by the
replacement ratio of FA of about 15% and BFS of about 45%, which are equivalent to “Type
B” in Japanese Industrial Standards (JIS), also based on many previous research and survey
such as guidelines of Architectural Institute of Japan (AIJ).
Therefore, in case of using the blended cement and using FA or BFS much more for concrete,
it is necessary to reduce the W/C of concrete much more, or to use the effective finishing material
for durability, for examples, tiling, mortar coating, external insulation methods, etc. Table 1 shows
that an effective finishing material for durability, and W/C of 5% are equivalent to a concrete
cover of 1 cm (10mm). However, tiling, mortar coating, external insulation methods, and the like
are exemplified as effective finishing material for durability, but required performance is not
shown.
In this study, these were studied experimentally that the contribution ratio of blended cement
to the carbonation resistance of concrete when a part of OPC replaced to FA or BFS much more
were used for concrete, and the effect of carbonation suppression required for an effective
finishing materials when these were applied for concrete surface. This study might be so useful
to get the technical data for suggesting the new certification standards and to reduce
environmental load in the construction sector, and to secure durability of RC structures.
Table 1. Certification standards of RC structures with long service life in the notification No.1374
related to Housing Quality Assurance Act in Japan.

Part or members of RC structures
walls except bearing walls,
not contacts
slab of floors
directly with the
ground
bearing walls, columns, beams

≦W/C50% ≦W/C55%
3cm
inside
2cm
outside*
3cm
4cm
inside
3cm
4cm
outside*
4cm
5cm
walls, columns, slab of floors, beams,
4cm
5cm
contacts directly rising part of continuous foundation
with the ground foundation (except the rising part of continuous
6cm
7cm
foundation, and leveling concrete)
Note *: It could be reduced by 1cm (10mm) on the outside, by using an effective finishing material
for durability (ex: tiling, mortar coating, external insulation methods, etc.)

2 Carbonation Resistance of Concrete Using Blended Cement
An accelerated carbonation test was performed on specimens with changed water-binder ratio
(W/B), the type and replacement ratio of mixture, and the ratio of each mixture contributing to
the carbonation resistance was clarified experimentally. The goal is to provide useful and
technical data for durability design of RC structures using blended cement.
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2.1 Outline of Experiment
Table 2 shows the experimental factors and levels and their combinations. The W/B were 30,
40, 50, 60%, and the mixture replacement ratio is selected from 2 kinds of 15 and 25% for FA
and 1 to 3 kinds selected for BFS of 30, 50, and 70%. It was set as the combination. In addition,
when OPC was used, specimens with W/B80% and 100% were prepared in order to confirm
the compressive strength and carbonation resistance of the specimen with a small amount of
cement per unit volume of concrete. In addition, in order to ascertain the carbonation resistance
of specimens using commercially available portland blast-furnace slag cement (Type B),
W/B50% specimens (with a replacement ratio of 40-45%) were prepared and subjected to the
same tests. The accelerated carbonation test conformed to JIS A 1153 (Method of accelerated
carbonation test for concrete). The pre-curing was performed under standard curing until the
age of 28 days, and then in-air curing at 20°C, 60% R.H. until the age of 56 days.
Table 2. Experimental factors and levels.

Type of mixture

W/B (%)

Mixture replacement
ratio (%)
70***
30*,50**,70***
30*, 50**

Curing before carbonation test

Non (only OPC)
40,50,60,80,100
1) Air curing up to age of 56 days
ground granulated
30
( 20℃, 60% RH) after sealed curing
Blast-furnace slag
40,50
for 5 days
(BFS)
60
2) Air curing up to age of 56 days
Portland blast-furnace
50
40-45**
( 20℃, 60% RH) after standard curing
slag cement (Type B)
for 28 days
Fly ash (FA)
40,50,60
15**,25***
Note *: Type A, **:Type B, ***Type C, according to the classification of blended cement by JIS

2.2 Results of Experiment and Discussion
Figure 1 shows the relationship between the compressive strength and the carbonation rate
coefficient. However, the modified carbonation depth subtracts the carbonation depth
immediately before the start of the test (age of 0 week). The figure shows that the standard
curing 28days compressive strength and the carbonation rate coefficient have a strong
correlation, and the carbonation rate coefficient tends to decrease as the standard curing 28days
compressive strength increases, regardless of the type of mixture and the replacement ratio.
Figure 2 shows the relationship between W/B and the carbonation rate coefficient, in case
of using BFS. There was a strong linear correlation between W/B and the carbonation rate
coefficient, which was similar when FA was used. Here, the ratio that the mixture contributes
to carbonation resistance as a replacement of OPC was defined as “contribution ratio of
carbonation resistance (α)”. Using the contribution ratio α, the amount of binder that contributes
to carbonation resistance was determined as equation (1). In this equation, the “mixture”
indicates mixtures (FA or BFS).
Amount of Binder = Amount of OPC + α ✕ Amount of mixture

(1)

Figure 3 shows a trial calculation of the carbonation rate coefficient when α is changed by
0.2 from 0 to 1.0, in case of BFS50%. It was assumed that the ratio of mixture that could
contribute to carbonation resistance as a replacement of cement could be estimated by back-
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calculating α at the intersection where the trial calculation results of each α and the line of OPC
(N, in Fig) intersect. Using this estimation method, the contribution ratio (α) of the carbonation
resistance according to the mixture replacement ratio of FA and BFS were calculated and shown
in Table 3. For α of fly ash, FA15 was 0.07 to 0.42, FA25 was 0 to 0.17. For α of ground
granulated blast-furnace slag, BFS30 was 1.04 to 1.07, BFS50 was 0.83 to 0.84, BFS70 was
0.45 to 0.69. Among the mixtures, BFS had a higher contribution ratio of the carbonation than
FA, and the greater the replacement ratio of mixture, the smaller the contribution ratio.
As the results, these were obtained that the ratio excluding BFS from the mass of cement for
calculating W/C may be 0% for Type A, 20% for Type B and 30% to 60% for Type C. Also, in
case of FA, it may be 60% to 100% for Type B and 90% to 100% for Type C. Therefore, it was
found that the current standard (Table 1) could be mitigation in some cases.

Figure 1. Relationship between compressive strength and Figure 2. Relationship between water binder ratio and
carbonation rate coefficient (standard curing).
carbonation rate coefficient (standard curing).

Figure 3. Calculation results of carbonation rate coefficient changing contribution ratio α.
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Table 3. Calculation results of Contribution ratio for Carbonation Resistance.

Binder
OPC(N)
+FA
OPC(N)
+BFS

Mixture
replacement
ratio (%)
15
20
30
50
70

Blended Cement
(JIS)
Type B
Type C
Type A
Type B
Type C

Contribution ratio of Carbonation Resistance
W/B (%)
30
40
50
60
0.42
0.21
0.07
0.17
0.07
0.00
1.04
1.06
1.07
0.84
0.84
0.83
0.45
0.59
0.69
-

3 Suppression Effect of Finishing Materials on Carbonation of Concrete
In RC structures, finishing materials that can suppress the intrusion of carbon dioxide, which
causes carbonation, are often applied to the concrete surface. It is possible to use the effect of
carbonation suppression of finishing materials. However, there were few experimental data that
confirmed it such as tiling, mortar coating, and external insulation methods, and it was not clear
how to select finishing materials that can be considered equivalent effect. Here, confirmation
of the effect of suppression the carbonation of concrete of 4 types of finishing materials, which
were tile, mortar, external insulation and coating materials for textured finishes, and the
evaluation method of the suppression effect, were examined.
3.1 Outline of Experiment
Table 4 and Table 5 show type of finishing materials and mortar coating. Also, Figure 4 shows
the experimental image. For concrete, W/C60% was used considering the upper limit of the
technical standards prescribed in “Housing Quality Assurance Act”. Specimens were sealed at
20°C until the age of 4 weeks, then dried in a room with 60%R.H. and a temperature of 20°C
until the age of 8 weeks, and then mortar was applied to one side of the mold surface. Thus, a
specimen for the accelerated carbonation test was prepared. In each mortar, W/B was 40%, and
the binder: fine aggregate = 1: 2.5 (mass ratio). The binder used for mortar was OPC, and highearly-strength portland cement (HPC), which could be expected to develop early strength, and
silica fume (SF), which could be expected to be densify the concrete, 5% (mass ratio) of the
binder was replaced. The type of aggregate was based on natural sand, and perlite artificial
lightweight aggregate (standard weight 0.17kg/L) was also used.
The mortar coating was applied to concrete specimens, with the variable factors being the
type of binder and aggregate, the amount of polymer (main component: ethylene vinyl acetate
copolymer emulsion), the thickness of mortar and the curing method after mortar coating. The
effect of carbonation suppression of mortar coating was confirmed.
The amount of polymer mixed in the mortar is based on B×3% as a general value in finished
mortar, and B×6% with an increased amount of polymer was also examined. The thickness of
mortar applied to the specimen was basically 10mm, and as shown in the Table 5, the mortar
thickness was varied within the range of 5 to 30mm. The method of curing the specimens after
mortar coating was based on air curing in a room at about 20°C, and examination was also made
on those that were cured for 2 or 7 days after coating. The accelerated carbonation test started
at concrete curing age of 12 weeks, in accordance with JIS A 1153. Also, the carbonation depth
of concrete was measured at test age of 8, 13, 26 and 52 weeks.
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Table 4. Type of Finishing Materials.

Type of finishing materials
Non
Tile
Mortar
External insulation

Coating materials
for textured finishes

Materials and symbols
Concrete(C1)
Water absorption type 1(T1, T2(with M8), T3)、type 2(T4, T5(with M8))
Primer(C-1(t=1mm(M1, M2)),C-2( t=2mm(M3, M4))),
Primer(CM-1(t=10mm(M5, M6)), CM-2(t=10mm, M7, M8)))
On-site mixing mortar(t=10mm,M9), (t=15mm,M10)
Polystyrene type 4(t=30mm, IN1, IN2), Polystyrene type 3(t=30mm, IN3),
Urethane foam typeA22(t=30mm, IN4)
Multi-layer coating materials for textured finishes(CM1,CM2),
Coating materials for thick textured finishes(CM3,CM4),
Coating materials for thin textured finishes(CM5)
Table 5. Type of Mortar Coating.

Binder (B)

Aggregate

-

-

Contents of
polymer
(B × wt%)
3

OPC

Natural sand
6
Perlite ALA

3

HPC

Natural sand

3

OPC+SF (95:5 wt)

Natural sand

3

Curing after mortar coating
In air without coating
In air after coating
2 days wet after coating, then air
7 days wet after coating, then air
In air after coating
2 days wet after coating, then air
7 days wet after coating, then air
In air after coating
In air after coating
2 days wet after coating, then air
7 days wet after coating, then air
In air after coating

Thickness of
mortar (mm)
0
5, 10, 20, 30
10
10, 30
10
10, 30
10, 30
10
10, 30

Figure 4. Outline of experiment.

3.2 Results of Experiment and Discussion
Figure 5 shows the carbonation depth of each specimen at the test age of 52 weeks. In this
figure, the carbonation depth of the specimen that was not finished was also shown, and the
value when the carbonation depth was 10 mm smaller than that was shown by the dotted line.
As a result, it was found that the finishing material other than mortar has an effect of carbonation
suppression of more than 10 mm compared to the specimen C1 (exposed concrete).
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Figure 5. Carbonation depth of concrete with 4 types of finishing materials.

Figure 6. Carbonation depth of concrete with mortar
changing curing condition.

Figure 7. Carbonation depth of concrete with mortar
changing thickness and materials used.

With regard to mortar coating, it was not possible to obtain a carbonation suppression effect
of 10 mm or more with a primer of 1.0 to 2.0 mm, and an equivalent thickness of at least about
10 mm was required. However, not all M5 to M10 mortars with a thickness of 10 mm or more
have a carbonation suppression effect.
Figure 6 shows the test results of the carbonation depth of concrete with a mortar thickness
of 10 mm, at the test age of 52 weeks. The compressive strength of the mortar at the age of 28
days was greatly improved by the wet curing after mortar coating, and the carbonation
suppression effect by the mortar was also greatly improved. In addition, in this experiment, it
was suggested that by increasing the amount of polymer mixed in the mortar, the carbonation
suppression effect equivalent to the case of wet curing can be obtained even if it was cured in
the air. Figure 7 shows the test results of the carbonation depth of concrete cured in air after
mortar coating at the test age of 52 weeks. As the thickness of mortar increased, the effect of
suppressing carbonation increased. In this experiment, if the mortar thickness was 10 mm or
more, the effect of suppressing carbonation was obtained equivalent 10 mm or more compared
to the specimen C1 (exposed concrete) even if wet curing was performed. For mortar with HPC
as the binder or mortar in which part of the binder was replaced with silica fume, the test results
at test age of 13 weeks tended to slightly improve the carbonation suppression effect of mortar.
However, the same trend was not clearly confirmed at the test age of 52 weeks. For the mortar
using lightweight aggregate, the compressive strength was as low as about 40% when using
natural sand, but the carbonation suppression effect was equivalent to that of mortar using
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natural sand.
As the results, it was confirmed that the 4 types of finishing materials, which were tiling,
mortar coating, and external insulation method and a finishing coating material, had the same
carbonation suppression effect as the concrete cover thickness of 10 mm, i.e. W/C5%. In
addition, these were obtained that the effect of carbonation suppression of mortar coating could
be improved by initial curing, the amount of polymer increase and the mortar coating (thick
coating) of about 30mm.

4 Conclusions
We were able to obtain the knowledge that the contribution ratio of blended cement to the
carbonation resistance of concrete when a part of OPC replaced to FA or BFS much more were
used for concrete, and the effect of carbonation suppression required for an effective finishing
materials and its specifications when these were applied for concrete surface, from the
viewpoint of securing durability of reinforced building and housing.
The results obtained were as follows:
- The ratio excluding FA from the mass of cement for calculating W/C may be 60% to
100% for Type B and 90% to 100% for Type C. Also, in case of BFS, it may be 0% for
Type A, 20% for Type B and 30% to 60% for Type C.
- The 4 types of finishing materials, which were tiling, mortar coating, and external
insulation method and a finishing coating material, had the same carbonation
suppression effect as the concrete cover thickness of 10 mm, i.e. W/C5%.
- The effect of carbonation suppression of mortar coating could be improved by initial
curing, the amount of polymer increase and the mortar coating (thick coating) of about
30mm.
As the results, these were considered to be able to sufficiently contribute to the review of the
evaluation method or technical standards concerning about the durability of RC buildings and
housing prescribed in “Housing Quality Assurance Act” in Japan.
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Abstract. This paper presents the results of a pathfinder project on re-usable buildings which
was part funded by Climate- KIC, supported by the EIT, a body of the European Union. It
places reusable buildings in the context of sustainability generally, and specifically within the
general theme of circular economy transition. It includes a brief summary of the literature
review undertaken, focussing on challenges and benefits to the business case for adoption of
reusable buildings.
Keywords: Re-Usable, Sustainability, Circular Economy, Business Case, Literature Review.

1 Introduction
This paper reports the initial results of a scoping study undertaken with partial funding from the
Climate _KIC programme, which is supported by the EIT, a body of the European Union. The
objective of the study was to test out the possibility of generating a critical mass of client support
for re-usable buildings. Re-usable buildings for this study included those that could be adapted
in use for same use or for different uses within a circular economy context. The work was
undertaken by a consortium led by the London Waste and Recycling Board (LWARB), in
partnership with the Sustainable Development Foundation (SDF), the Forum for the Future
(FforF), the Alliance of Sustainable Building Products (ASBP) and Whole Life Ltd. (WLL).
The early part of the project involved a literature review. The later part of the project
included workshops, which led to a sector routemap for the future development of the market,
together with initial business models which might encourage and support the market for reusable buildings and components. This paper is focussed on the challenges and benefits
identified for the business case for re-usable buildings and components.

2 Literature Review Methodology and Scope
The literature review encompassed searches of academic papers, government and nongovernmental organisation (NGO) publications and industry publications using Web of
Science. A key word search was undertaken, using the term ‘reusable buildings’ in addition to
sourcing works known to members of the consortium. The main aim of the literature review
was to understand the outcomes of previous work in this area, and to identify the gaps with a
focus on the business case.

doi:10.23967/dbmc.2020.228
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3 Main Findings of the Literature Review
3.1 Overview
There is a perception that the application of circular economy principles to the built
environment offers major opportunities, in environmental terms but also in terms of social and
economic impacts. The reuse of buildings is gaining more interest; with evidence showing that
conversion (from one function to another) is increasing in inner urban areas. The benefits and
challenges for commercial re-usable buildings are well defined though not often quantified.
There is a clear distinction in the motivations between the different development models
(develop to sell, manage or occupy), with owner-occupancy driving a greater interest in
adaptability. End-users preferences are for versatile and a refit-ready building that provides
fewer disruptions, improved service and better quality of space.
3.2 Application of Circular Economy within the Building Sector
There are several industry studies that look at how a circular economy can be applied in the
building sector, they mostly describe the different business models that could be applied,
together with some of the challenges and opportunities, though they are lacking in actual costs.
A few of these studies define what a circular economy in the built environment would look like
and the macro-economic benefits (at a region or Country level). At the micro (business level),
there is little economic information available within the literature on the financial benefits or
costs for undertaking circular business models. Indeed, research by (Adams et al., 2017) found
that one of the largest challenges for adopting circularity in the built environment is the unclear
financial case, particularly for the whole life of a product/building which ranked number one
for the majority of stakeholders; having a clear business case was the most
important enabler.
3.3 Re-Usable Buildings
Findings from the review of circular building case studies are limited, but some examples are
shown below. They show that the client is instrumental in driving the circular building forward,
along with establishing the benefits to the end user.
One of the key drivers identified within the literature is that of obsolescence which affects
every building to some degree at some stage during its lifecycle (Douglas, 2006). As buildings
age, the rate of decay increases and the decline in building condition escalates unless regular
maintenance and upkeep is undertaken. There are 6 principal types of obsolescence; economic,
functional, social, legal, physical and aesthetic (Barras and Clark, 1996). As such, when a
certain level of obsolescence is reached, a building may require adaptation in some form.
Conversion (changing use or sometimes known as adaptive reuse), is a growing strategy for
dealing with vacant buildings such as offices. A study in Liverpool showed that more than 60%
of buildings have changed their original use during their life cycle and around 10% of them
have changed their use frequently (every six years) during the last 20 years thereby signalling
an increase in the rate of change (Manewa et al., 2016). However, the property market can be
segregated and for example, office investors are not always keen on investing in the housing
market. A study of 15 cases in the Netherlands displayed the following success factors: low
purchase price, an adaptable floor plan, government subsidy, or clients with long- term
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investment scenarios (housing associations) (Remöy and Voordt, 2014).
3.3.1

Re-use versus demolition

There is a debate of the costs of reuse verses demolition and new build, though studies tend to
show that it usually lower for the former. For example, it is potentially cheaper to adapt than to
demolish and rebuild, in as much as the structural components already exist and the cost of
borrowing is reduced, as contract periods are typically shorter (Shipley et al., 2006). This is
also likely to be the case if the building is designed for adaptation and re-use.
Buildings are generally demolished because they are perceived to no longer have any value
(Kohler and Yang, 2007). In most cases, it is the market that sets this value, even though such
an assessment may be based on incomplete information with no consideration given toward
externalities. According to Ball (2002), it is generally preferable to repair a building than
replace it because the value of the location and quality of a new building is not necessarily
better than the old one. In contrast, O’Donnell (2004) suggests that an adapted building will not
completely match a new building in terms of operational energy performance, but the shortfall
should be balanced against gains in social value. Certainly, the life cycle expectancy of the
materials in an older building may well fall short of those in a new building. The age of materials
will also directly affect the on-going maintenance costs of an adapted building, which, as a
result, may well be higher than those for a new building.
Bullen and Love, 2010 identified that there are a diverse set of issues that organisations need
to consider when comparing the option to demolish or reuse a commercial building.
3.3.2

Stakeholders

In a survey of high profile UK property developers and agents, 94% saw the need for an
adaptable building solution providing associated capital cost increases were minimised
(Gregory, 2004). Workshops undertaken in the UK (Pinder, Schmidt and Saker, 2013) for
adaptability suggested that more adaptable buildings might be suitable investment if they
provide easier sales or command a price premium, but there are challenges for speculative
developers (those procuring buildings to sell) as the purchaser obtains the benefits of
adaptability, not the developer. Owner/occupiers may recoup the benefits through lower rates
of depreciation of increased price at sale, but both funders and owners are risk-averse in respect
of novel.
3.3.3

Costs of adaption of existing buildings

Cost is usually cited in the literature as the main obstacle to developing more adaptable (reusable) buildings, with the assumption being that adaptability results in higher initial
construction costs. For example, studies have shown that using solutions such as higher floorto-ceiling heights, system walls and soundproof suspended ceilings, could increase initial
construction costs by about 20–25% (Arge and Landstad, 2002). However, other adaptable
design solutions, such as easily divisible building forms and floor plans, were found to be cost
neutral (see Figure 2). Other studies found that on average, the design strategies employed
resulted in a 1% increase in initial construction costs when compared with conventional (less
adaptable) designs; one-third of the strategies resulted in longer initial construction times.
In the UK the notion that more adaptable (re-useable) buildings cost more to construct has,
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to some extent, been fuelled by past attempts at ‘future-proofing’ buildings. Guy (1998)
explains how, during the 1980s and 1990s, institutional investors’ desire to reduce the risk of
depreciation associated with changing occupier requirements led to the emergence of an
institutional specification that involved over-specifying, among other things, floor loadings,
small-power provision and comfort cooling services. Property agents insisted that all new office
developments should incorporate these over-specified design features - a case of exchange
value prevailing over use value.
Spending more on the initial construction costs of a building to make it more adaptable can
only usually be justified if the adaptability is likely to generate some form of benefit or return
on investment in the future. Slaughter (2001) estimated that all but one of the adaptable design
solutions in her study would pay for themselves at the first adaptation cycle, generating, on
average, a net saving equivalent to 2% of the initial construction cost. She found that threequarters of the adaptable design strategies reduced the time required to adapt the building
(thereby reducing disruption to users) and allowed for easier access when maintaining the
building.

Figure 1. Cost and uncertainty in designing adaptable (re-usable) buildings (Pinder, Schmidt and Saker, 2013)

3.3.4

Whole life costs

A critical component to aid re-usable buildings is the use of whole-life costing (WLC), when
all the costs and benefits (including incomes) are factored in over the projected lifecycle of the
building which includes the cost of the demolished building. WLC can be used as a forecasting
tool to evaluate alternative planned capital expenditures with the aim of ensuring the optimum
value from capital assets considering all future costs and benefits in present day values.
An example is shown in Figure 2 of the difference in cash flow over the lifecycle of the
building based on adaptable and standard design. However, the ultimate answer (for linear and
circular buildings) depends on future assumptions which may involve high risk and uncertainty
(which are likely to be less in the ‘business as usual case’ and the hidden costs/benefits
associated with social and environmental issues remain untapped.
Discounting is commonly used in WLC and is based on the concept of time preference: the
tendency for people to attach more value to a benefit received today than to the same benefit

1856

Kathryn P. Bourke and Katherine T. Adams

received in the future. The choice of discount rate is important in the context of reuse as high
discount rates give little weight to more distant entries in the cash flow and place great emphasis
on the early years, thus favouring a short-term approach and the minimisation of capital
investment. As such it is important to develop an economic model for circular buildings that
allows the investor to benefit from day one.
BRE is also looking at how whole life cycle costing can be used within a circular building
assessment methodology for the BAMB project. A number of modelling scenarios have been
undertaken, and the key findings are that whilst the methodology can show benefits over one
lifecycle (through adaptation), taking into account residual value within the current building is
difficult, as is applying value from other building cycles. The model (similarly to life cycle
assessment), is based on one building, and as such limits the opportunity to transfer value.
Discounting as already recognised above, also presents issues (see Lowres and Hobbs, 2017).

Figure 2. Illustrative whole life costs of standard design versus adaptable design (Manewa et al., 2016)

3.3.5

Financing

Studies have shown that there is a fundamental shortcoming in the current financing of
buildings (Circle Economy and ABN AMRO, 2017). Commonly, a bank issues a loan
(mortgage) to buy a building, including the land on which it is built. However, the costs of
demolition and recycling (as well as any residual value) at the end of its life are not part of the
financing. The result is that it can be cheaper to leave a building vacant or not be incentivised
to realise any value from the material within the building. The building and land are viewed as
part of the same asset, if these were separated, financing may be easier or at least more flexible.
There could be a benefit from having land that is easier to access as buildings can be dismantled
quickly and reused elsewhere.
Moving towards circular buildings requires an alliance of parties that collaborate to deliver
services. To do so, material reuse has to be the starting point, both during renovation (interior
and exterior) and at the end of the lifecycle. This new chain is also based on an integrated
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lifecycle approach to investment decisions and design. The producer or financer remains the
owner of the resources and is responsible for the residual value. The residual value of materials
remains on the balance sheet and can be estimated using resource model predictions.
Building in such a way that materials have a residual value instead of a negative value
(disposal costs) makes investing in circular design useful. The customer pays for the
performance of the building or a section of road, instead of the function. This shifts the
responsibility for good maintenance and management from the customer to the owner of the
materials. Investments in the adaptability of buildings generate value in the long term because
the needs of (future) users are more easily met, as such there is value though utility, though
there is little empirical evidence to support this within the literature.
Banks such as ABN Ambro are investigating how to allow for higher investment costs which
justify lower running costs and a higher final value of the building elements. This therefore
means a relatively higher loan-to-value ratio for a project, and a relatively smaller amount of
equity capital relative to the loan capital. More (hybrid) financing products can further facilitate
the financing. These could be equity, risk funds or other forms of financing besides bank
financing. (Circle Economy and ABN AMRO, 2017)
3.3.6

Valuation

A building constructed according to a circular method has added value for investors. The value
of real estate is currently linked mainly to the price of the location and the difference between
rental income and operating costs. Often, the value of the raw materials in the building is of
secondary importance. This view will change fundamentally in the transition from a linear to a
circular economy. In addition, the purpose for which buildings are used changes with increasing
regularity. A building that can be converted easily and inexpensively to another function has
more potential future value than a one-purpose building. As a result, the investor knows that
when the current tenant’s lease is terminated, it will be relatively easy to re-let the building,
possibly for a different use.
However, current investors’ relatively short-term investment visions of between five and ten
years and the highly limited or total absence of appreciation of this added value by surveyors
often forms a barrier. Research by Ellison et al., (2007) suggested that only a very limited
interpretation of adaptability, relating primarily to the flexibility of internal spaces, was
currently factored into commercial property valuations. Consequently, valuations fail to reflect
other forms of adaptability, such as the ability to accommodate changes of use.
McAllister (2009) suggests that property valuations play an important role in the property
market by acting as a surrogate for prices, but he also argues that ‘… there is some anecdotal
evidence to suggest that valuation can act as an impediment to innovation in property markets.
This is because property values tend to be based on information from past transactions; in other
words, if there is no evidence that a design attribute has added value to a building in the past,
then valuers will not ascribe any additional value to those attributes in the present. This can
result in a vicious circle, whereby developers will not include a particular design attribute in
their buildings because valuers do not consider that it adds value, and valuers do not consider
that it adds value because developers do not include it in their buildings.(Pinder, Schmidt and
Saker, 2013).
One of the few empirical studies to (inadvertently) provide an insight into the relationship
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between adaptability and rental values was undertaken by Baum (1994). Baum was interested
in understanding why some buildings experience higher rates of depreciation than others, so he
explored this by statistically analysing the relationship between building characteristics and
rental values, using data from 125 office buildings in the City of London. He found that internal
configuration (floor to ceiling height and floor layout) and internal specification (quality of
finishes and services) were the most important determinants of depreciation in the sample
buildings. Baum suggested that because demand for these characteristics would change over
time (due to changes in working practices, fashions, etc.) property investors should look to
purchase buildings that were flexible, in terms of their configuration and internal specification.
He concluded that ‘Flexibility reduces the risk of an irreversible and major reduction in the
market value of a building’.

4 Summary of Results of the Literature Review
The reuse of buildings is gaining more interest; with evidence showing that conversion (from
one function to another) is increasing in inner urban areas. The benefits and challenges for
commercial Re-usable buildings are well defined though not often quantified. There is a clear
distinction in the motivations between the different development models (develop to sell,
manage or occupy), with owner-occupancy driving a greater interest in adaptability. The
relative costs of re-use verses demolition and new build remains a matter of debate though
studies tend to show that it usually lower for the former.
Where building have not been designed for reuse, then the cost of adaption of existing
buildings can be greater than building them from scratch. As such building adaptation is a
higher cost process, when adaptable features are not incorporated with the initial design. Cost
is usually cited in the literature as the main obstacle to developing more adaptable (Re-usable)
buildings, with the assumption being that adaptability results in higher initial construction costs.
Though this is highly dependent on the solution adopted. Spending more on the initial
construction costs of a building to make it more adaptable can only usually be justified if the
adaptability is likely to generate some form of benefit or return on investment in the future.
Studies show that adaptable design solutions pay for themselves at the first adaptation cycle,
generating, on average, a net saving equivalent to 2% of the initial construction cost.
Investments in the adaptability of buildings generate value in the long term because the needs
of (future) users are more easily met, as such there is value though utility, though there is little
empirical evidence to support this within the literature.
Whole life costing is recommended to show payback, however there can be issues in its use
from discounting. There is a fundamental shortcoming in the current financing of buildings with
the costs of demolition and recycling (as well as any residual value) at the end of its life not
factored into business case (a side effect partly of discounting but also reflecting different
contractual parties at the end of life). The value of real estate is currently linked mainly to the
price of the location and the difference between rental income and operating costs. Often, the
value of the raw materials in the building is of secondary importance. It is unclear if property
valuations consider any benefits from adaptability and ‘re-let ability’ and how depreciation of
assets is factored in.
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Abstract: Concrete is the main material used in the construction industry not only for the ability to
produce infinite variety of shapes for precast forms and for its characteristics of high resistance to
compression, but primarily for their low manufacturing cost. Nonetheless, the production by mixing
cement, fine aggregate, coarse aggregate and water, using natural raw materials such as stone, sand
and water, despite being plentiful, represent the consumption of millions of tons of natural resources.
Thus, the continuous search for new solutions is fundamental in order to not only further lower the
manufacturing costs of this essential component in construction, but also to seek alternative materials,
those of origin in processes of sustainability.
Keywords: Recycling, Polyethylene Terephthalate, Sustainability, Construction, Materials, Concrete,
Cement, Fibers, Mixing, Production, Application.

1 Objectives
A great amount of PET bottles that were once discarded damaging the environment are gaining
a new function in the construction market, and their use as fibers in concrete, an alternative that
hasn’t been widely studied so far, can replace the use of glass fibers, polyethylene,
polypropylene and even steel. Thus, this work aims to present an analysis on the sources of the
recycling of PET (Polyethylene Terephthalate) to determine the possibilities for the production
and availability of PET fibers that are appropriate for the concrete mixture of Portland cement,
minimizing the use of sand in the civil construction industry; to review the physical mechanical
behavior of the concrete with the addition of PET bottle fibers; and verify the best application
of this concrete in the construction of buildings, aiming at reducing costs and ensuring the
sustainability of the sector while maintaining the necessary quality. To achieve the desired goal,
initially the possibilities of production and availability of PET fibers in the Brazilian market
will be determined. Following, it will reviewed the mechanical and physical behavior of
concrete with the addition of PET bottle fibers, analyzing the results of workability, its axial
compression strength and diametral compression tensile strength. Finally, with all the
foundation generated in the previous steps, it will be analyzed the possibilities of application in
civil construction.

2 Methodology
The methodology used has included laboratory tests with the molding, curing, grinding and
rupture of specimens to verify the behavior of the concrete with PET fibers in relation to its
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axial compression strength and diametral compression tensile strength, when compared to the
fiber-free concrete.
The theoretical and conceptual basis of this work was based on the analysis of the
improvement of the concrete resistance properties with the addition of fibers. The study of the
bibliographic material on concretes was based, mainly, on the Brazilian standards where the
step by step of the execution of the experiments carried out in this work is illustrated,
contributing also to the standardization of the tests.

3 Results
3.1 PET Recycling in Brazil
The recycling of PET in Brazil is one of the most developed in the world, presenting a high
productivity rate. According with the Brazilian Census of Recycling of PET, Brazil in 2006
exceeded the score of 50% recycling rate and, in 2012, 331,000 tons of PET packaging were
collected. Brazil also already have more than 90% of recycling companies with more than 5
years of activity.
With the help of the advanced taken by the Brazilian national solid waste policy, there has
been a growth of cooperatives decreasing the difficulty of obtaining bottles to recycle. As
indicated by Business Commitment for Recycling (CEMPRE), from 2004 to 2015 the level of
recovery of materials increased by 29% and the volume of packages deposited in landfill was
reduced by 21.3%. In addition, in relation to cooperatives and voluntary delivery points (VDP):
802 cooperatives were supported from 2012 to 2017, 4,487 cooperatives structuring actions
carried out and 364 municipalities attended in 21 states; and 2,082 PEV were installed from
2012 to 2017; 7,826 PEV structuring actions carried out and 240 municipalities attended in 24
states.
3.2 PET fibers Brazilian Production
The Brazilian industry of PET flakes has a production capacity from 2,500 kg/h to 4,500kg/h
including moderns grinding lines with optical separator systems, super washing and fines
screening for the production of colorless PET flake, hot-wash PET recycling system covering
all the production steps including label and lid removal and separation, grinding, hot-washing
and drying. Also, the Brazilian industry of PET flakes developed a national technology for PET
flake super washing, providing highest level of decontamination and final quality to the PET
raw material marketed. This technology could also produces PET flakes with some specials
specifications: standard colors: Crystal, Blue and Green; particle size between 8.0 and 12.0 mm;
PVC contamination of less than 80 ppm; contamination by olefins and non-ferrous metals of
less than 100 ppm; bulk density between 350 and 500 g/L; maximum humidity of 1,0%; and
absence of PET powder.
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3.3 Laboratory Tests
The cement agglomerate used was the CP II E32 of the MAUÁ brand and it was weighed on a
WELMY mechanical scale. The sand used in the manufacturing process of the specimens was
classified as the average sand of the MARQUES BROTHERS, sifted, whose maximum
allowable granulometry is 1.41 mm and weighed on a WELMY mechanical scale. For the
characterization of the sand, a specific mass test was performed based on the standard NBR
NM 52 – 2009 – Fine aggregates, using a Chapman Vial. The unit mass test followed the
standard NBR NM 45 – 2006 – Aggregates. The test on the sand’s granulometry was performed
as prescribed by NBR NM 248 – 2003. The coarse aggregate used was Gravel I of the brand
IRMÃOS MARQUES and the sample was weighed on a WELMY mechanical scale.
The PET fibers used in this analysis were obtained from the recycling of soda bottles that
were discarded in nature, then washed and cut with the aid of a ruler, scissors and guillotine in
the dimensions of 30 mm x 3 mm. The fibers were weighed on a Bel electronic scale.
For the concrete dosage characteristics, the calculations were made according to the method
of the Brazilian Association of Portland Cement (ABCP) by means of a technical study (ET67), with the title "Concrete Dosing Parameters", authored by the public engineer Penna Firme
Rodrigues (revised in 1995) that presents an eminently experimental feature.
The materials measurement was made from the mortar basic trace of 1: 1.5: 1.82: 0.47 a/c
(cement, sand, gravel, water, respectively). It is worth noting that the basic trace represents a
proportion of each material as is usually used in the civil construction.
For compression and diametral compression tests performance, cylindrical specimens were
molded with dimensions of 100x200 mm, as well as, the procedures of density and healing were
performed according to ABNT NBR 5738-2015.
The consistency of the fresh concrete was determined by the slump test of a concrete cone,
according to NBR NM 67: 1998.
For the axial compression test, the I-3001-C 100 Tf digital hand press produced by Contenco
was used. For the evaluation of the Axial Compression Strength test, the guidelines of ABNT
NBR 5739: 2007 - Concrete - Compression test of cylindrical specimens were followed.
The test of determination of tensile strength by diametral compression was performed
according to ABNT NBR 7222: 2011, considering the ages of 7 and 28 days. The press used in
the test was the I-3001-C 100 Tf digital hand press produced by Contenco.
The fresh concrete test has showed the slump of the concrete cone specimen come was 90
mm for concrete without the addition of PET fibers, characterizing a rich concrete, while for
the trait with 2% PET fiber, the slump was 20 mm indicating a poor concrete of very low
workability, as shown in Figure 1.
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Figure 1. Slump test of a concrete cone.

According to Mheta and Monteiro (1994), in concrete with fibers, compressive strength is
not the most important contribution of reinforcement. Figures 2 and 3 present the results of
axial compressive strength according to NBR 5739 (ABNT, 2007). It can be observed that there
was not much difference in the deformation presented by concrete with addition of PET fiber
to concrete without fiber. Both presented type of D - conical and sheared rupture, as specified
in Annex A of NBR 5739.

Figure 2. Specimen with PET
fibers after cracking under axial
compression.

Figure 3. Specimen with no PET
fibers after cracking under axial
compression.

The axial compressive strength test has demonstrated that the mixture with addition of PET
fibers (2% content) showed a small reduction in axial compressive strength in relation to
concrete without fiber addition at the age of 28 (3.27% reduction). In contrast to what be
observed at the age of 7 days, when fiber-reinforced concrete showed higher axial compressive
strength results than fiber-free concrete (an increase of 1.18%), which can be seen in the
comparison with the results in Figure 4.
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Average (Mpa)

Axial compression resistance
Graphic
26.71
(7d)
0

33.92
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27.03
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Pet Fiber Content (%)

32.81
(28d)

2

Figure 4. Comparative results of axial compression resistance tests.

The Figure 5 illustrates the specimen with PET fibers after the diametric compression test.
According to NBR 7222 (ABNT, 1994), it can be observed that the crack propagated easily at
the top and with some resistance at the bottom, holding the parts together. Thus, an excess load
is required to break it completely. However, this is not the case with concrete without the
addition of PET fiber, where the crack propagated throughout the body and abruptly breaking
it, as shown in Figure 6.

Figure 5. Specimen with PET fibers
after cracking under diametral
compression.

Figure 6. Specimen with no PET fibers
after cracking under diametral
compression.

In the diametrical compression tensile strength test, we observed an increase in tensile
strength by diametral compression with increasing control age (7 to 28 days), as expected. On
the order hand, the results for axial compressive strength, PET fiber-reinforced concretes have
presented a 18.38% increase in diametral tensile strength in relation to non-PET-reinforced
concrete at both ages, which can be seen in the comparison of the results in Figure 7.
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Figure 7. Comparative results of diametral compression tensile strength tests.

3.4 Application of Concrete with PET Fibers
The results have demonstrated that the greatest gains obtained with the use of fibers are
associated with the increased strength of concrete to tensile stress. By adding PET fiber to
concrete, it is no longer a fragile material. This is due to the increased bonding of the matrix to
the concrete (transition zone), causing an increase in its mechanical characteristics, such as
modulus of elasticity (Gpa), and tensile strength (MPa). Additionally, its filaments work as
adhesion point of tensions between the cracks, preventing their propagation, thus making the
concrete more resistant and ductile, with a post-fissure capacity.
With these results, important applications for concrete obtained from mixtures with PET
fibers would be in pavement structures, hydroelectric plants, tunnel coverings, dams, slabs,
which have a volumetric control of shrinkage, which would make it possible to reduce the
possibilities of cracks, besides offering good protection.
In addition, there are other applications of PET fibers in construction that may be used more
intensely in the future as repair materials (MRs) for degraded hydraulic surfaces, for example,
to provide a satisfactory performance at lower cost compared to materials generally employed
in these cases, with the advantage of an appropriate final disposal of these solid wastes.

4 Conclusions
From the analyzed aspects, the use of recycled PET fibers in concrete definitely provided
considerable changes in the physical properties of the material.
- Regarding workability, the conventional concrete was workable and cohesive. It was
noted a loss of rebate in the trait with 2% content of PET (20 mm slump), proving to be
very consistent, a fact that, however, did not compromise the casting of the concrete;
- Regarding the axial compression strength, concrete with the addition of PET fibers at 7
days of age had a strength gain of 6.59% and a loss of 5.54% at 28 days of age.
Regarding the mechanical test for axial compression at 28 days of age, there has been
no significant difference for fiber-reinforced concrete compared to non-fiber concrete;
and
- However, a significant increase in the results of tensile by diametral compression to 2%
PET fiber concrete has been obtained with increasing control age (from 7 to 28 days),
as expected. The result of increasing tensile strength was then successfully achieved.
Thus, different to what has been observed in the axial strength results, the concrete with
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addition of PET fiber presented a 18.38% increase in tensile strength compared to
concrete with no fiber addition.
The results allow us to conclude that there is possibility of production and availability of
PET fibers that are suitable for mixing in concrete, since the results of the mechanical physical
behavior of the concrete were satisfactory for the performed mixing condition.
It is noteworthy that further studies are necessary to prove its applicability in structural use,
aiming at a future revision of NBR 8953 (2015).
Thus, even though it has been well demonstrated academically that the tensile strength
property of this technology proves superior to conventional concrete, the viability of its use at
the industrial level will only occur with more government support and incentives through an
infrastructure that can guarantee the stability of the production of PET fibers, establishing the
necessary logistics to guarantee its offer for the civil construction, allowing construction
companies to use this material for the preservation of our planet. As mentioned in the beginning
of this study, the waste from PET bottles generates a major environmental problem, and any
appropriate end we can find for this waste returns a great benefit to nature.
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Abstract. Concrete is a construction material that is well known for its durability. However, it is
exposed to environmental attacks that lead to the penetration of aggressive agents such as water and
chlorides, thus, threatening its durability and service life. Within this context and exploiting the
sensitivity of the electromagnetic properties of concrete to its water content, the literature suggests
determining water saturation profiles using non-destructive techniques. For instance, measuring the
electrical resistivity at several points of the surface of the concrete structure can lead to an estimate of
the resistivity depth profile. Then, after a calibration step, the water saturation depth profile can be
obtained and the durability can be assessed. Similarly, the water depth profile can be assessed by
dielectric permittivity measurements. In this paper, we propose a new inversion scheme based on the
combination of both resistive and capacitive measurements: resistivity and permittivity measurements
are inverted jointly to estimate the water saturation profile in concrete. Numerical experiments with
simulated data show that information gathered from the two measurements enriches the inversion
process, leading to the determination of more reliable water saturation profiles.
Keywords: Durability, Nondestructive Techniques, Capacitive and Resistive Measurements, Inversion
Procedure.

1 Introduction
Nondestructive (ND) methods are promising to assess the durability of concrete. They are nonintrusive and allow continuous structure monitoring (Balayssac, 2017). This study focuses on
estimating the concrete saturation degree and handles two kinds of measurements: the DCelectrical resistivity and the dielectric permittivity. Both quantities are sensitive to the water
content in concrete, and in a complementary way (Fares, 2018), and can, therefore, be used to
evaluate the durability of concrete towards water ingress (Balayssac, 2017). The method
consists of performing resistivity and permittivity measurements at the surface of the structure;
then, an inversion procedure is required to retrieve the electromagnetic depth profiles. Finally,
water saturation is obtained through calibration of the electromagnetic properties.
The inversion of measurements has been performed using either the resistivity or the
permittivity data to obtain the water saturation with depth profile (Fares, 2016). However,
inversion results may lack reliability, in particular, due to the small number of available data,
the presence of noise in the measurements, and the lack of sensitivity of each data set to the
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water saturation profile. Therefore, a possible solution to improve the inversion of ND
measurements relies upon combining the two types of data, the electrical resistivity, and the
dielectric permittivity, taking advantage of their complementarity (Tathed, 2018).
In Section 2, we introduce a brief description of both ND methods. Then, in Section 3, the
searched saturation profile is modeled with a parametric curve, and both the forward model and
the inverse problem are discussed. Our joint inversion procedure is described in Section 4.
Finally, Section 5 presents numerical simulations evaluating the performance of the proposed
methodology.

2 Electromagnetic Properties of Concrete
2.1 DC-Electrical Resistivity
The DC-electrical resistivity of concrete, noted 𝜌𝜌 [Ω.m], expresses the ability of the material to
oppose the flow of free electric charges when it is subjected to an electric field. In a
homogeneous and isotropic material, it is expressed by the Ohm's law ratio of the measured
voltage drop 𝑉𝑉 [V] to the applied current intensity 𝐼𝐼 [A], multiplied by a geometric factor 𝐺𝐺𝑟𝑟
[m] :
𝑉𝑉

𝜌𝜌𝑎𝑎 = 𝐺𝐺𝑟𝑟 𝐼𝐼 .

(1)

The resistivity measurement principle consists of transmitting a direct current (DC) into the
concrete using two electrodes and measuring the induced potential drops between one or several
pairs of electrodes. Then, the 'apparent' resistivity can be calculated using Eq. (1). Since
concrete is usually not a homogeneous material, the latter observable is not the 'true' resistivity
of concrete but rather an integrating value over a volume depending on the electrode array
configuration and size (Loke, 2004) (Presuel-Moreno, 2010) .
In this study, two electrode configurations are considered to measure apparent resistivities,
the Wenner and the Schlumberger arrays (Loke, 2004). Our measuring device consists of a
multi-electrode resistivity probe formed by 14-point electrodes equally spaced every 20 mm
(Du Plooy, 2013). For all possible electrode combinations following the Wenner and
Schlumberger configurations, a dataset consisting of about 100 apparent resistivities can be
obtained.
2.2 Dielectric Permittivity
The dielectric permittivity, noted 𝜀𝜀 [F/m], is related to the phenomenon of electric polarization
which results from the relative displacement of the bound charges in the material under the
action of an external electric field. Due to the energy losses that accompany the polarization
phenomenon, the permittivity can be expressed using a complex variable where the real part is
the ability of the material to store electric energy. Consequently, the relative dielectric
permittivity of concrete, 𝜀𝜀 (dimensionless), can be obtained from the system's capacitance, 𝐶𝐶
[F], the vacuum permittivity, 𝜀𝜀0 [F/m] and the geometric factor, 𝐺𝐺𝑐𝑐 [m]:
𝐶𝐶 = 𝐺𝐺𝑐𝑐 . 𝜀𝜀0 . 𝜀𝜀.

(2)

The measurement principle consists in applying an alternating current between two or more
electrodes placed on the surface of the sample and measuring the resonance frequency of the
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electrode-concrete system. The measuring device and consists of four different types of probes,
each composed of metal plate electrodes and Plexiglas® support. The probes differ by their
number of metal plates, their dimensions and the spacing between them (Fares 2016):
• electrode GE consisting of 2 plates (70xx40 mm2) with a plate spacing of 40 mm,
• electrode ME+ consisting of 3 plates (70x15 mm2) with a plate spacing of 15 mm,
• electrode ME consisting of 4 plates (70x10 mm2) with a plate spacing of 10 mm,
• electrode PE consisting of 5 plates (70x5 mm2) with a plate spacing of 5 mm.
Using this device, four apparent permittivity values can be collected for each measuring
sequence, whose depth sensitivity increases with both the size and the spacing of the electrodes.
Note that the measured apparent permittivity is equal to the ’true’ permittivity of concrete in
case of a semi-infinite homogeneous medium. Nonetheless, when the medium is of finite
dimensions or is not homogeneous, the measured apparent permittivities must enter an
inversion procedure to obtain the true permittivity distribution in the concrete medium.

3 Saturation Profile
In this section, a definition of the saturation degree is provided as well as the saturation profile
chosen for this study. Then, the methodology for computing the forward model and solving the
inverse problem for each ND electromagnetic method is briefly explained. Finally, our joint
inversion approach is presented.
3.1 Definition
The saturation degree, noted 𝑆𝑆, represents the fraction occupied by water in the total pore
volume. The saturation degree conditions the penetration of aggressive agents. For this, the
determination of the saturation degree makes it possible to predict the degradation of concrete.
Moreover, it is important to note that both resistive and capacitive properties of concrete are
sensitive to saturation (Balayssac, 2017). The calibration of each of 𝜌𝜌 and 𝜀𝜀 as functions of 𝑆𝑆 is
performed on the test specimen. The calibration of the electrical resistivity can be expressed by
the model:
𝜌𝜌 = 𝐴𝐴𝑆𝑆 −𝐵𝐵

(3)

𝜀𝜀 = 𝑎𝑎𝑎𝑎 + 𝑏𝑏

(4)

where A and B depend on the concrete specimen studied. Eq. (3) is consistent with Archie’s
empirical law (1942) proposed by geologists in the oil prospecting field for non-clayey rocks,
and then for porous materials such as concrete (Fares, 2018). The calibration of the dielectric
permittivity results is performed under the model (Fares, 2018):
where a and b depend also on the concrete specimen tested. This study aims to deal with the
phenomena of drying and soaking in concrete, considered here as non-cyclic and unidirectional.
As a result, the degree of saturation in concrete is assumed to evolve only in one direction,
which is the depth z perpendicular to the concrete surface, and from a drier state to a wetter
state or vice versa (monotonic curve). In addition to that, to better constrain the profile
reconstruction, a parametric model is considered using a Weibull curve with the following
expression:
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𝑧𝑧

𝑆𝑆(𝑧𝑧) = (𝜃𝜃1 − 𝜃𝜃2 )exp(−(𝜃𝜃 )𝜃𝜃4 ) + 𝜃𝜃2 ,
3

(5)

where 𝜃𝜃1 is the saturation ratio on the surface, 𝜃𝜃2 is the saturation ratio in the structure depth,
𝜃𝜃3 is the scale factor, and 𝜃𝜃4 is the shape factor. Eq. (5) provides a continuous parametric
model, where the unknown saturation profile is expressed by the continuous function S(z)
depending on the four parameters 𝜃𝜃𝑖𝑖 , i=1, …, 4. The inversion procedure then amounts to
estimating the parameters 𝜃𝜃𝑖𝑖 from the apparent resistivities 𝜌𝜌𝑎𝑎 or the apparent permittivities 𝜀𝜀𝑎𝑎 .

3.2 Forward Model

The forward model consists in the computation of the apparent observables corresponding to a
given saturation profile S(z). It has been implemented numerically using the commercial finite
element (FE) modeling software COMSOL Multiphysics® (v.5.4). The 3D-concrete model is
defined: geometry (700x900x150 mm3 concrete block), FE mesh, electrode positions for both
electrical and dielectric problems (Fig. 1). The FE mesh is finer near the electrodes with a
maximum element size of 1 mm and coarser elsewhere with a maximum element size of 5 mm
and consists of about 30000 elements. Then, the saturation profile is defined by the Weibull
curve defined by Eq. (5). The electrode systems described in Section 2 are used for the
measurement simulations.
For the DC-electric problem, 14-point electrodes (see Fig. 1a) represent the multi-electrode
resistivity probe. Knowing the saturation profile in concrete depth, the imposed resistivity depth
profile is obtained using Eq. (3). Then, the forward model resolution leads to the computation
of the apparent resistivities using Eq. (1). For this, the module AC/DC - electric currents of
COMSOL is used and positive current is injected in one electrode, negative current in another
and an electric potential is simulated in the remaining electrodes. For the dielectric problem,
the dielectric plates are represented by surface plates with an infinitely small thickness (Fig.
1b). Knowing the saturation depth profile in concrete, the corresponding permittivity depth
profile is obtained using Eq. (4). Then, the forward model resolution leads to the computation
of the apparent permittivities using Eq. (2) for each electrode set. For this, the module AC/DC
- electrostatics of COMSOL is used and a potential difference is imposed on the electrode
plates. For both DC-electric and dielectric models, the following conditions are considered:
current conservation within the concrete block, electric insulation of the block boundaries and
a null initial potential in the block.

a

b

Figure 1. The meshing of the 3D model of a concrete slab (700x900x150 mm3) with a) the resistivity probe and
b) the capacitive electrodes.
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3.3 Inverse Problem
The inversion procedure aims to retrieve the water saturation profile from the apparent
measurements. This can be achieved by finding the parameters 𝜃𝜃 in Eq. (5) that best fit the data,
by minimizing the least-squares mismatch between the measurements, say 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 , and their
prediction corresponding to a given saturation profile, say 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 :

(6)

𝜓𝜓 = ∑(𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑖𝑖 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑠𝑠𝑖𝑖 )2
𝑖𝑖

In this work, we choose the Levenberg-Marquardt algorithm (Morrison, 1960), which is a
standard method for non-linear least-squares optimization problems.
3.3.1

Separate inversion

In previous studies, apparent capacitive and resistive measurements were inverted separately to
estimate the water profiles in concrete (Fares, 2016). A single type of measurement was
considered (either the resistive or the capacitive ones) to estimate the saturation profile with
depth. The method is similar for both types of measurements and is shown in Fig. 2. The goal
is to minimize the cost function in Eq. (6), where:
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜌𝜌𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜌𝜌𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 in the inversion of apparent resistivities,
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 , and 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 in the inversion of apparent permittivities.

Figure 2. Scheme for the estimation of the saturation depth profile (parameters 𝜃𝜃𝑖𝑖 ) from apparent resistivity or
permittivity measurements.

3.3.2

Joint inversion

In this section, we consider a joint inversion approach. The calibration laws established by
experimental studies (Eq. (3) and (4)) make it possible to connect each of the properties,
electrical resistivity, and dielectric permittivity, to common property, the saturation degree. The
joint inversion procedure is presented in Fig. 3. It is an iterative process, which starts with an
initial saturation profile given by the initial parameters. Then the resistivity profile is obtained
using Eq. (3) and the permittivity profile using Eq. (4). Afterward, the simulated data, that is,
the apparent resistivities and permittivities, are computed and compared to the measured data
in the joint least-squares criterion given in Eq. (7) 𝜓𝜓, where 𝑊𝑊𝜌𝜌 and 𝑊𝑊𝜀𝜀 are weight parameters
given to capacitive and resistive data respectively depending on the quality of these
measurements.
𝜓𝜓 = 𝑊𝑊𝜌𝜌 ∑(𝜌𝜌𝑎𝑎 𝑚𝑚𝑚𝑚𝑑𝑑 − 𝜌𝜌𝑎𝑎 𝑚𝑚𝑚𝑚𝑠𝑠 )2 + 𝑊𝑊𝜀𝜀 ∑(𝜀𝜀𝑎𝑎 𝑚𝑚𝑚𝑚𝑑𝑑 − 𝜀𝜀𝑎𝑎 𝑚𝑚𝑚𝑚𝑠𝑠 )2
𝑖𝑖

𝑖𝑖

𝑖𝑖

𝑗𝑗

𝑗𝑗

(7)

𝑗𝑗

The main advantage of the joint inversion is that both measurements are sensitive to
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saturation but in a complementary manner. Therefore, the information gathered may yield a
better estimation of the saturation profile. Also, the joint inversion could have another
advantage concerning the investigation depth of the measurements. Previous studies show that
knowing the spacing between electrodes, the investigation depth of the corresponding
measurements can be estimated (Loke, 2004) (Fares, 2016). The two ND methods sample
differently the investigated volume concerning concrete slab thickness, therefore, combining
the two methods makes it possible to better constrain the problem by information on the
different regions of this volume of interest.

Figure 3. The joint inversion scheme to determine concrete saturation distribution in depth.

4 Numerical Experiments
In this section, numerical experiments are performed to validate the proposed joint inversion
approach. Synthetic data are computed, where a saturation profile is generated according to Eq.
(5) and represents the ‘true’ saturation profile (Table 1, column 1). The forward model is
computed using the same numerical slab model and electrode simulation as presented in Section
3.2. In all simulations, the initial saturation profile in the optimization procedure is chosen such
that the relative error compared to the true profile is equal to 10% (Table 1, column 2).
In the first numerical experiment, we consider noise-free data. The inversion procedure is
run successively by considering only apparent resistivity data, only apparent permittivity data,
and finally both data sets. The results are shown in Fig. 4. Profiles corresponding to the
successive iterations of the Levenberg-Marquardt procedure are represented by the green
curves. It is clear that the three inversion methods correctly converge toward the true profile.
This result confirms that apparent resistivity and permittivity data, employing their
corresponding calibration curves (Eq. (3) and Eq. (4)), can be jointly inverted into a unique
saturation profile. In addition to that, the variability of the fitted profile between iterations is
important in the inversion of apparent permittivity data (Fig. 4b); due to the smaller number of
data, which is equal to the number of unknowns to be determined (the four parameters of the
Weibull curve). This variability seems to disappear in the joint inversion (Fig. 4c) due to the
additional number of resistivity data added to the permittivity data, which induces a faster
convergence to the ‘true’ profile and a smaller number of iterations (15 for the joint inversion
compared to 37 for the permittivity inversion alone). Note that inversion is stopped when the
four following criteria are satisfied: the criterion 𝜓𝜓 is less than 10-6, the relative variation of
estimated parameters between two consecutive iterations is less than 10-6, the number of
iterations is higher than 50 and the criterion gradient is less than 10-3.
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The second inversion test aims to study the influence of noise in the inversion. Referring to
previous noise assessment studies done in the laboratory for capacitive and resistive data (Du
Plooy, 2013), three additional sets of computations are carried out. The first one considers noisy
resistivity data, such that the coefficient of variation (CVr defined as the ratio between the
standard deviation and the mean of the measurement) is 4%, and permittivity data remain noisefree. The second one considers noisy permittivity data, such that CVp =2%, and noise-free
resistivity data. Finally, the third data set considers noise on both resistivity and permittivity
data (CVr=4% and CVp=2%, respectively). The results of this study are shown in Table 1, where
the estimated profile parameters are given. For each test case, individual and joint inversions
are performed. The relative error between the true profile parameters and the estimated one as
well as the iteration number is given. In the first study, the two inversions have the same
iteration number. However, the relative error is smaller for the joint inversion. For the second
study, both the number of iterations and the relative error decrease significantly when the joint
inversion is performed. Finally, in the last study, the relative error and the iteration number are
the lowest for the joint inversion.

a

b

c

Figure 4. a) Inversion procedure using apparent resistivity data alone –b) Inversion of apparent permittivity data
alone and c) Joint inversion of apparent resistivity and permittivity data.
Table 1. Separate and joint inversion results for noisy resistivity and permittivity data.
‘True’ Profile
0.4
[ 0.8 ]
0.01
5
0.4
[ 0.8 ]
0.01
5
0.4
[ 0.8 ]
0.01
5

Initial Profile
0.36
[ 0.72 ]
0.009
4.5
0.36
[ 0.72 ]
0.009
4.5
0.36
[ 0.72 ]
0.009
4.5

Noise Conditions
𝐶𝐶𝑉𝑉𝑟𝑟 = 4%
𝐶𝐶𝑉𝑉𝑝𝑝 = 0%
Iteration Number
Relative Error
𝐶𝐶𝑉𝑉𝑟𝑟 = 0%
𝐶𝐶𝑉𝑉𝑝𝑝 = 2%
Iteration Number
Relative Error
𝐶𝐶𝑉𝑉𝑟𝑟 = 4%
𝐶𝐶𝑉𝑉𝑝𝑝 = 2%
Iteration Number
Relative Error

Resistivity
0.3927
[0.8006]
0.0101
4.4996
9
3.21 %

50
38%
0.3927
[0.8006]
0.0101
4.4996
9
3.21%

Permittivity

9
1.26%
0.4031
[0.9500]
0.0119
10.85
9
2.63%
0.4031
[0.9500]
0.0119
10.85
50
38%

Joint
0.4001
[0.8003]
0.0103
5.1200
0.4030
[0.8000]
0.0100
5.4910
0.3991
[0.7967]
0.0100
4.9811
6
0.25%
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5 Conclusion
In this study, we developed a new joint inversion approach for resistivity and permittivity data
in concrete structures. Numerical experiments were carried out using synthetic data that showed
that the joint inversion of DC-resistivity and dielectric permittivity data can produce a more
accurate solution. Simulations using noise-free synthetic data showed good convergence to the
'true' considered saturation profile. Besides, when performing the inversion of synthetic noisy
data, the profile estimation is improved by carrying out joint inversion as the relative error
between the true and estimated parameters decreases as well as the iteration number compared
to the separate inversions. For a complete validation of the joint inversion approach, more
intensive simulation tests are required. Afterward, real lab data will be acquired to take into
account furthermore the presence of noisy data and to validate the joint inversion approach.
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Abstract. Understanding and predicting the durability of timber structural components of buildings can
lead to a more reliable and efficient use of this material in constructions. The work described herein
presents a methodology to assess the life-expectancy of wall-foundation details in timber buildings
based on the estimation of the durability of the timber structural element. Risk classes were defined
starting from the inputs from the most relevant standards addressing the durability of timber available
in Europe. The attribution of a risk class to the wall-foundation detail requires decision trees that
consider the key aspects that affect the durability of this construction detail in the case of fungal attack.
The methodology was then applied to three case studies and the results were compared to the
observations from onsite inspections carried out on the decayed structural timber elements. The present
work represents the first step towards the development of a tool capable of predicting the durability of
timber components within the building structure. The work reported herein was carried out within the
framework of the TSafe project.
Keywords: Timber Buildings, Wall-Foundation Detail, Durability, Risk-Based Approach, TSafe
Project.

1 Introduction
Understanding and predicting the durability of timber is of paramount importance for a more
reliable, extensive and efficient use of this material in constructions. Furthermore, quantifying
the durability will also allow for a more precise quantification of the carbon stocks stored into
the wood products (Profft et al., 2009).
Because decay caused by biotic attack is one of the most critical concerns in the long-term
performance of wood, durability at the material level has been deeply investigated. In-ground
and above-ground behaviour of wood has been studied through field and laboratory testing
(e.g.: Meyer et al., 2016; Meyer et al., 2017). Prediction models have been also developed to
predict decay caused by fungal attack or to predict mould grow (Brischke et al., 2014).
The prediction of timber decay in building structural components has instead been
investigated by only but a few researchers. The Australian project, reported in Leicester et al.
(2008), is an interesting example of a comprehensive project that examines the decay of timber
and the corrosion of the metal fasteners. Decay functions have been developed within the
framework of the aforementioned project to predict the depth of the fungal attack on timber
structural elements inside the building envelope.
The functions have been calibrated through an extensive field test campaign and on opinions
of experts (Wang et al., 2008c). Strong assumptions have been made by the researchers to keep
these functions simple and straightforward. Moreover, a limited set of Australian structural
typologies have been considered in the project.

doi:10.23967/dbmc.2020.004
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Recently, the increasing availability of timber-based products for a diverse range of building
solutions has stimulated researchers into approaching more sophisticated tools to map timber
moisture distribution over time. The Heat, Air and Moisture (HAM) analysis is one of the tools
adopted to predict timber moisture content with precision (e.g.: Carbonez et al., 2015 and
Chung et al., 2019).
The Wall-Foundation Detail (WFD) in timber buildings can have quite different geometries,
materials, wall stratigraphies and boundary conditions. The combination of these characteristics
can create a very large number of possible configurations that escalates the effort of performing
HAM analyses. With reference to the durability of this construction detail, finding the most
critical combinations can be very important to approach this problem effectively. Another key
issue to be solved when studying this detail is how to model water intrusion. Guidelines for
modelling water intrusion in walls where the problem can be schematized as one-dimensional
can be found in Lstiburek et al. (2016a-b). An equivalent of the above-mentioned guidelines
for the two-dimensional problem is not available yet and because the WFD is essentially a twodimensional problem, its study demands bigger efforts in order to run numerical analyses and
perform experimental tests.
The paper presents a methodology to categorise the WFD of timber structures in relation
with the durability of the timber structural element. This method permits to assign a risk class
to the detail, based on decision trees that considers the most significant issues related to timber
durability accounting for fungal attack. Risk classes are used both to identify the most critical
configurations and to associate to them a decay estimation function that at this preliminary stage
was taken from literature. Three case studies (Gaspari et al., 2020) are then introduced to
compare the results of this preliminary decay prediction.
The methodology proposed herein is part of the TSafe project where reliable strategies for
the risk assessment of timber structures are used to create decision-making tools useful to every
party involved in the construction of timber structures. The purpose of the TSafe project is to
combine numerical simulations, such as HAM analyses, with artificial intelligence and machine
learning algorithms to extract simple and applicable rules from complex problems solved
numerically (see for example Glavind et al., 2019 and Freire et al., 2017).
Risk classes are defined in section 2. Then, the decision trees necessary to assign a risk class
and the parameters for the quantification of the decay are presented in section 3. The results
obtained are compared to three case studies in section 4. Finally, section 5 outlines the
conclusions and future work.

2 Risk Classes
Risk classes were defined according to the provisions contained in the main European standards
that deal with the durability of timber from the material point of view (i.e.: ÖNORM B 38021:2015, EN 335:2013 and DIN 68800-1:2019-06) and from that of a building detail (i.e.:
ÖNORM B 2320:2017 and DIN 68800-2:2012-02). Risk classes identify a general behaviour
of the construction detail in terms of protection against water intrusion, condensation, and water
permanence and of timber drying performance. Moreover, the risk classes group together
different building details that show similar behaviour. A definition of the risk classes for the
WFD, considering the standards cited above, is reported in the following (Gaspari et al., 2020).
• Risk class 1 (R1): timber is protected against outdoor weather (direct rain, bounce water,
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wind-driven rain and external rain accumulation) and against rising damp. Moreover,
presence of condensation is possible, but a rapid drying is ensured.
• Risk class 2 (R2): timber is protected against outdoor weather (direct rain, bounce water,
wind-driven rain and external rain accumulation) and against rising damp. Presence and
permanence of condensation is possible.
• Risk class 3 (R3.1 and R3.2): timber can get wet, due to outdoor weather (direct rain,
bounce water, wind-driven rain and external rain accumulation) or to condensation
caused by non-efficient airtightness. The class R3 is divided into the two subclasses
R3.1 e R3.2 considering, respectively, the possibility of timber to dry or not.
• Risk class 4 (R4): timber can get wet due to outdoor weather (direct rain, bounce water,
wind-driven rain and external rain accumulation) or to condensation. Timber is in direct
contact with a porous material that can absorb water. Timber cannot dry rapidly.
• Risk class 5 (R5): timber can get wet due to outdoor weather (direct rain, bounce water,
wind-driven rain and external rain accumulation) or to condensation. Timber is
prevented from drying and water that comes in contact with timber cannot run out.
As a preliminary approach, a fast and straightforward evaluation of the decay is assessed
through functions available in literature that estimate the depth of the fungal attack (Leicester
et al., 2008). According to Wang et al. (2008c), the decay depth 𝑑𝑑𝑡𝑡 is evaluated through
equation (1) as a function of the time t and the slope r
0
,
𝑑𝑑𝑡𝑡 = {
(𝑡𝑡 − 𝑙𝑙𝑙𝑙𝑙𝑙)𝑟𝑟,

𝑡𝑡 < 𝑙𝑙𝑙𝑙𝑙𝑙
𝑡𝑡 ≥ 𝑙𝑙𝑙𝑙𝑙𝑙

(1)

where 𝑟𝑟 = 𝑘𝑘𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and lag is a function of r. The parameters 𝑘𝑘𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 and
𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 are constant values that depend on the wood species, on the location of timber within
the detail and on the interaction between timber and the other elements (as defined in Wang et
al., 2008c). The parameter 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 depends on the amount of water (from precipitation)
penetrating the detail and on such water can dry off.
In order to consider the contribution of condensation, equation (2) is proposed, where the
term 𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is added to the equation proposed by Wang et al. (2008c).
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.03(𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 )0.4
12

{

𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = ∑

𝑖𝑖=1
12

𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ∑

𝑖𝑖=1

(𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 )𝑖𝑖 ,

(𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 )𝑖𝑖 ,

(𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 )𝑖𝑖 ≥ 0

(2)

(3)

(𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 )𝑖𝑖 ≥ 0

The “duration parameters” tcond, tdrying and train in equation (3), must be evaluated based on
the assigned risk class. The relation between the risk classes and these parameters is reported
in Table 1.
Table 1. Relations between the duration parameters and the risk classes.

R
1
2
3.1
3.2

𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 [hour/month]
0
0
To be evaluated
To be evaluated

𝒕𝒕𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 [hour/month]
0
To be evaluated
To be evaluated
To be evaluated

𝒕𝒕𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 [hour/month]
∞
To be evaluated
To be evaluated
To be evaluated
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4
5

720
720

To be evaluated
To be evaluated

To be evaluated
0

In the cases where 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 must be evaluated, suitable methods can be found in
Wang et al. (2008c). The 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 indicates the number of hours per month in which timber is wet
because of condensation and it can be calculated by referring to well-established methods for
the hygrothermal analysis of buildings. Leakage coming from the inside of a building was not
considered in the present study for the sake of simplicity, but suitable approaches can be found
in Wang et al. (2008c).

3 Decision Trees
The WFD in timber buildings can be classified through decision trees whose branches account
for the various conditions which may occur and affect the durability of the timber structural
components. For brevity, only the decision trees related to the three case studies selected to
compare the results are presented.
The background material for developing the decision tree included prominent European
standards in the field of durability of timber structures such as ÖNORM B 2320:2017 and DIN
68800-2:2012-02.
The most relevant parameter is the distance of the base-surface of the timber element from
the ground surface. This distance H is positive when the position of the timber base-surface is
higher than the ground surface, negative otherwise.
In the three case studies selected, H was always less than 10 centimetres, so two conditions
were considered in the following: (a) H greater or equal to 0 cm, but lower than 10 cm, and (b)
H lower than 0 cm. A decision tree was defined only for the first scenario since risk class R5
was always assigned to the second one. Figure 1 shows the two decision trees defined for the
0 𝑐𝑐𝑐𝑐 ≤ 𝐻𝐻 < 10 𝑐𝑐𝑐𝑐 (Gaspari et al., 2020).

(a)

(b)

Figure 1. Decision tree (a) DT1 and (b) DT2 for 𝟎𝟎 𝒄𝒄𝒄𝒄 ≤ 𝑯𝑯 < 𝟏𝟏𝟏𝟏 𝒄𝒄𝒄𝒄.

The decision tree DT1 shown in Figure 1 (a) considers outdoor weather (direct rain, bounce
water, wind-driven rain and external rain accumulation) and the possibility of timber drying off
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due to ventilation. This tree results in 4 different conditions, from A to D. Decision tree DT2,
reported in Figure 1 (b), takes into account the rising damp issue, the building airtightness and
whether timber is in contact with porous material or not. This second tree leads to 6 conditions.
These two trees are independent from one another, but both must be used for the evaluation of
the detail. All combinations of the results from the two trees are shown in Table 2 (Gaspari et
al., 2020).
Table 2. Risk classes definition for the combination of DT1 and DT2.

DT2
1
2
3
4
5
6

A
4
3.1
4
1
2
4

B
4
3.2
4
4
2
4

DT1

C
4
3.1
4
3.1
3.1
4

D
5
5
5
5
5
5

In the preliminary procedure for the decay estimation, additional aspects must be specified
in order to assess the decay estimation properly. In fact, decay estimation functions are typically
defined for a single face of the timber element. However, depending on the geometry of the
WFD and on the contact between timber and other materials, multiple faces can be affected by
decay. These additional aspects are provided in Table 3.
Table 3. Additional aspects for the combination of DT1 and DT2.

DT2
1
2
3
4
5
6

A
A3
A2
A2
A1
A2
A2

B
A4
A4
A4
A4
A4
A4

DT1

C
A3
A2
A2
A2
A2
A2

D
A3
A3
A3
A3
A3
A3

The aspects reported in Table 3 are defined as follows, considering the internal and external
faces of timber.
• A1: decay due to leakage must be evaluated solely on the internal face.
• A2: decay must be evaluated on the external face and eventually on the internal face
due to leakage.
• A3: decay must be evaluated on both faces.
• A4: decay must be evaluated on the external face and eventually on the internal face
due to leakage. Moreover, if the internal face of timber is in contact with a scarcely
permeable material or 𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖 < 0 𝑐𝑐𝑐𝑐 , R5 risk class must be selected.
Considering a linear element (for example a post or a beam), if decay is present on both
internal and external faces, the same depth of the fungal attack must be considered on the
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lateral faces. The same must be done if decay is present on one face and a porous insulation is
in contact with timber.
Finally, the leakage contribution must be considered only if 𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 5 𝑐𝑐𝑐𝑐.

4 Results

In this section the WFD of three case studies is analysed by applying the decision trees. Then,
the preliminary procedure for the estimation of the decay is applied to the case studies and a
final comparison is reported.
The case studies have been described in detail in Gaspari et al. (2020), while just a brief
description is provided herein. Table 4 gives an overview on these case studies.
Table 4. Overview of the case studies.
Case
study
A
B
C

Structural
typology
Light-frame
Light-frame
CLT

Year of
construction
2007
2009
2015

Year of
inspection
2018
2018
2017

Element
analysed
Post
Post
CLT

Dimensions [mm]
Thickness
Width
140
80
160
180
160
200

For case study C where the timber component is a CLT panel, a reference width of 200 mm
corresponding to the width of a single wood-board of the CLT panel was selected.
In case study A, the distance of the base-surface of the post from the ground is set to H = 0
cm. In fact, in this case the base-surface of the timber element is at the same level of the ground
surface. There are no waterproof membranes; protection against outdoor weather and
ventilation are also absent. These conditions lead to path D in DT1 and to path 1 in DT2. The
combination of paths D and 1 determines a risk class R5 with the additional condition A3. In
case study A the element studied is a post and because both external and internal faces must be
evaluated, then all four faces must be evaluated.
In case study C, the base of the post is set to H = -23 cm and consequently a risk class R5
was assigned to the detail. All faces of the post must be evaluated.
Case study C presents a CLT wall with H = 0 cm. The CLT wall is not properly protected
against outdoor weather and ventilation is absent. Moreover, a hygro-thermal analysis verified
the absence of accumulation of condensation. These conditions lead to path D in DT1 and path
4 in DT2. The combination of paths D and 1 results in assigning risk class R5 with the additional
condition A3.
In order to evaluate correctly the decay of the CLT panel, the lateral faces of the board were
considered. In fact, cracks and long-term effects on CLT boards usually lead to preferential
paths for water to penetrate into the CLT.
Case studies A, B and C were inspected after 11, 9 and 3 years after construction,
respectively. Case studies A and B showed 0 % of residual timber cross-section, where the
residual cross-section is the ratio between the timber cross-section area in sound conditions at
the time of the inspection and the original timber cross-section at the time of construction. Case
study C showed a residual cross-section of approximately 60 %. The comparison between the
outcomes of the inspections and the results of the model has been reported in Figure 2.
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1.00

Model
Case A
Case B
Case C
Inspection
Case A
Case B
Case C

Resudual cross-section

0.90
0.80

0.70
0.60
0.50

0.40
0.30
0.20
0.10

0.00

0

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15

Time [years]

Figure 2. Comparison between the observations from the case-study inspections and the results of the analytical
model.

5 Conclusions
This paper proposes a methodology to categorise the Wall-Foundation Detail (WFD) of timber
structures in relation with the durability of the timber structural element. Risk classes were
defined looking at the prominent standards that treat the topic of the durability of timber. The
risk classes can be assigned to the WFD via decision trees designed to consider the main aspects
that can affect the durability of this construction detail in relation with fungal attack. This was
the first step to develop a reliable method capable of predicting the life-expectancy of timber
construction details. Future research steps, as a part of the TSafe project, will involve more
sophisticated tools such as Heat, Air and Moisture analysis, machine learning and a
combination of both. For a preliminary validation of the overall analysis approach, three case
studies were selected and studied using the methodology proposed herein. A good
correspondence was observed from the comparison between the results of the proposed
methodology and the onsite inspections.
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Abstract. Driving rain is one of the most critical sources of moisture affecting the hygrothermal and
durability performance of building envelopes. The estimation of severity in terms of annual driving rain
indices using annual and monthly weather data (aaDRI and maDRI respectively) aids towards
contemplating potential moisture loads, and hence in the efficient design of buildings in the
geographical area of interest. In this study, monthly and annual gridded datasets of wind and rainfall,
pertaining to the thirty-year period of 1988-2017 have been used to design a spatially continuous driving
rain map for India at 0.5°×0.5° (lat./long.) resolution. The observations reveal that the use of annually
averaged data leads to underestimation of the driving rain severity thereby highlighting the inefficiency
of a coarser temporal scale. A linear relationship has subsequently been developed to enable refinement
of aaDRI into maDRI. The analysis of the monthly driving rain map reveals that the entire western
coastal belt and a few regions in the north-eastern part of the country observe high to severe exposure
conditions. Furthermore, a trend analysis of the yearly driving rain index values reveals statistically
significant decreasing trends over the northern and eastern regions of the country, whereas increasing
trends in the shielded regions surrounding central India is observed.
Keywords: Driving Rain Map, Gridded Data, Trend Analysis, India.

1 Introduction
Durability performance of built facilities is a function of both the material characteristics and
the environment to which they are exposed. The exposure conditions that primarily affect the
durability include temperature and moisture conditions. The presence of moisture initiates and
escalates numerous deterioration processes in building materials. Damage is often inflicted in
the form of cracks and/or spalling of surface due to corrosion of reinforcement, and salt
migration and crystallization (Broomfield, 2003; Charola, 2000; Neville, 1995). Prolonged
dampness also leads to efflorescence and mold growth, which affects the aesthetics as well as
the indoor air quality of buildings (Gaylarde et al., 2002; Bornehag et al., 2001). Moisture
accumulation in porous materials causes frost damage and a reduction in thermal insulation of
the building envelope (Bhattacharjee, 2013; Jerman and Černý, 2012). The intricate and
multifaceted impact of moisture on the performance of buildings invokes the need to
realistically estimate the severity of moisture exposure.
Wind Driven Rain (WDR) is an important source of moisture affecting the hygrothermal
performance and durability of building facades (Blocken et al., 2009). A significant
development in the field of WDR research was associated with the field observations made

doi:10.23967/dbmc.2020.005
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by Lacy (1965) and Hoppestad (1955), which established the proportionality of WDR
intensity  Rwdr  , to horizontal rainfall  Rh  , and the wind speed (U). This proportionality
relationship led to the development of WDR index  Rh *U  , and its application to map the

driving rain severity in several countries (Narula et al., 2017; Pérez-Bella et al., 2012;
Giarma, 2011; Chand and Bhargava, 2002). A schematic representation of WDR is depicted
in Fig. 1.
The accuracy and reliability of such maps depend upon the spatial and temporal resolution
of available meteorological data. The station records available in a country are often limited
and lack temporal completeness. Gridded weather data poses a viable solution in this regard
owing to their temporal and spatial consistency (Das et al., 2020). This study utilizes
monthly average wind and rainfall gridded data to determine the maDRI and aaDRI at a
spatial resolution of 0.5 0.5 for the Indian subcontinent.
To the best of the authors’ knowledge, the WDR map generated in this study offers the finest
spatial resolution at which the maDRI and aaDRI have been mapped for Indian mainland. The
numerical efficiency of the gridded data and the developed index is also verified by comparing
the relationship between maDRI and aaDRI against previously reported studies by Chand and
Bhargava (2002) and Narula et al. (2017). The results of this study are in close conformance
with the previous studies. The study also extends to the trend analysis of driving rain index for
the recent 30 years of weather records (1988-2017). Trend analysis of the WDR over India
shows a receding trend of moisture loads over the country.
Rwdr
U
WDR

Rh

Figure 1. Components of wind-driven rain (WDR).

2 Gridded Data
Gridded datasets are interpolated products constituted using observations from sources like
station observations, satellites, ships etc. and have the benefit of temporal continuity and spatial
coverage. The present study uses gridded datasets of rainfall and wind for the determination of
driving rain severity. The study uses thirty years of rainfall and wind data from 1988-2017.
2.1 Rainfall Data
Rainfall gridded dataset at a monthly scale has been obtained from the Climatic Research Unit
(CRU) - version CRU TS v4.02. The data is based on station observations collected from
reliable international agencies and covers all land masses excluding the Antarctica region at
0.5 0.5 (lat./long.) resolution. The stations selected for the generation of data at individual
grids is subjected to the criteria of minimum 75% data availability for the base period, 19611990 (Harris et al., 2014). Out of the global dataset, rainfall data for 1179 grids pertaining to
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the duration 1988-2017 have been extracted, which encompasses the geographical stretch of
India lying within a rectangular region extending between 6.5ιN - 37.5ιN to 66.5ιE - 101.5ιE.
2.2 Wind Data
Monthly wind data have been obtained from the web repositories of the National Oceanic and
Atmospheric Administration (NOAA). The dataset is available at a spatial resolution of
2.5 2.5 between 90ιN - 90ιS and 0ιE - 357.5ιE (NOAA, 2019). Both horizontal and vertical
components of wind records for India which comprises of 1179 grid values, have been extracted
from the primary global dataset. The extracted records for the Indian region have been regridded to a resolution of 0.5 0.5 for the purpose of this study using bilinear interpolation.
The resultant wind vector was determined as:  u 2  v 2  where u and v are the horizontal and
0.5

vertical wind components respectively.

3 Driving Rain Index
3.1 Calculation of maDRI and aaDRI
The procedure for determination of maDRI and aaDRI is adopted from previous studies (Chand
and Bhargava, 2002; Giarma and Aravantinos, 2011). Firstly, the monthly driving rain index
(mDRI) for each of the 12 months have been calculated using Eq. 1 and then the maDRI has
been calculated using Eq. 2.
 N
 N

mDRI   Wmonth,i N   Rmonth,i N 

 i 1
 i 1

12

maDRI   mDRI

(1)
(2)

i 1

where, maDRI is in m2/s, Wmonth is the monthly average wind speed in m/s, Rmonth is the
monthly total rainfall in m, N is the number of years under consideration. The estimation of
mDRI can be carried out by including the cases for which rainfall is zero, or by excluding such
instances for averaging of the rainfall. The latter approach is expected to provide a more realistic
depiction. In this study, the mDRI values have been determined by both approaches to assess
the differences in results obtained by the two approaches.
The aaDRI has been calculated as the product of average annual wind speed and average
annual rainfall, as stated in Eq. 3.
 N
 N

aaDRI   Wyear ,i N   Ryear ,i N 

 i 1
 i 1


(3)

where aaDRI is in m2/s, Wyear is the annual average wind speed in m/s, Ryear is the annual
total rainfall in m, N is the number of years under consideration.
Based on the values of indices calculated using Eqs. 2 and 3, the exposure conditions have
been categorized into four classes after Lacy (1977), namely, shielded, moderate, high, and
severe for the ranges of [0,3), [3,7), [7,11), and [11,∞), respectively. This classification has
been subsequently used towards the development of maDRI and aaDRI maps for India.
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Often meteorological data are not available at a monthly temporal scale. This study,
therefore, establishes a relationship between aaDRI and maDRI to facilitate estimation of the
latter from annual meteorological records which are often available.
3.2 Trend Analysis
A trend analysis of the yearly driving rain index (yDRI) has been carried out to ascertain the
increasing or decreasing pattern of driving rain severity across the subcontinent. Mann-Kendall
(MK) test is a non-parametric test commonly used to statistically assess any monotonic upward
or downward trend in a time series data (Mann, 1945). The present study uses this test to identify
the existence of trends in the manifestation of driving rain over the Indian mainland. In this test,
the null hypothesis is that data comes from a sample of independent realizations, and hence
there is no trend in the data, whereas the alternative hypothesis states that a monotonic trend
exists. The MK test statistic is calculated using Eqs. 4 and 5:

S

n 1

n

  sgn  X
k  1 j k 1

j

 Xk 

 1, if (X j  X k )  0 


sgn( X j 

X k )  0, if ( X j 

X k ) 0
1, if (X  X )  0 
j
k



such that,

(4)

(5)

Here, j  k, and j, k  n, where n is the number of data points. The z-statistic is then computed
as stated in Eq. 6:
 S 1
 Var ( S ) , S  0



Z s 
0,
S 0
 S 1

,S  0
 Var ( S )

(6)

If Z s  Z1 ( Z1 can be obtained from standard normal distribution level), then the null
2

2

hypothesis is rejected. In the present study, the test is carried out at   0.05 significance level.
The trend analysis is also supported by the determination of Sen’s slope. The Sens’s slope (β)
assists in the determination of direction of the existing trend. In the case of driving rain, the
Sen’s slope estimates if the driving rain severity is decreasing or increasing. This helps a
designer to contemplate if a building will be exposed to a greater moisture load and thereby
help towards efficient design of facade elements.

4 Results and Discussions
4.1 Driving Rain of India Based on maDRI and aaDRI
Figs. 2a and 2b represent the maDRI maps obtained respectively by including and excluding
the cases for which rainfall is zero. It was observed that there is no significant difference
between the maDRI maps developed using the two approaches. The plots reveal that the
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shielded exposure region covers major area of northern part of the country, along with parts of
central, western, and south-western India. The moderate exposure covers the entire eastern
coastal belt and majority of north-eastern India, in addition to parts of western and central India.
The high and severe exposure condition, is observed by the western coastal belt of India and
parts of north-east. This observation is common for both the approaches adopted in the
determination of maDRI. The percentage of land area covered by each of the exposure
categories using the latter approach are 63.36%, 33.42%, 1.95%, and 1.27% respectively in
increasing order of severity. This is in contrast with the observations made by Narula et al.
(2017), in which most of the mainland of India was reported to observe moderate exposure
condition. The present analysis using the most recent 30 years of data observes a shift in the
severity level to the shielded conditions. This is indicative of the receding pattern of driving
rain loads for the subcontinent.
a)

b)

Figure 2. Driving rain map of India based on maDRI (a) including and (b) excluding months with no
rainfall.

Figure 3. Driving rain map of India based on aaDRI.

Figure 4. Trend analysis of WDR based on yDRI.
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Fig. 3 shows the aaDRI map of India. Comparison of the aaDRI map with maDRI map shows
a significant increase in the number of grids observing shielded exposure conditions. The
percentage of area covered by each exposure category based on aaDRI is 77.01%, 21.37%,
1.36%, and 0.25%, respectively, in increasing order of severity. The observation suggests that
implementation of aaDRI underestimates the driving rain severity at a given location.
Therefore, maDRI is a more reliable choice for contemplating driving rain severity. For
instances when meteorological records are not available at a finer temporal scale, the aaDRI
can be used towards estimation of maDRI. In the following section, a relationship between
maDRI and aaDRI has been established to facilitate the objective.
4.2 Relationship Between maDRI and aaDRI
The scatter plot between maDRI and aaDRI values presented in Fig. 5 indicates a fairly strong
linear relationship between the two indices. This was also reported in previous studies for India.
The relationship obtained between the two indices is given in Eq. 7 and those reported by Chand
and Bhargava (2002) and Narula et al. (2017) are stated in Eqs. 8 and 9, respectively:

maDRI 1.29aaDRI  0.28

(7)


maDRI 1.24aaDRI  0.18

(8)


maDRI 1.23aaDRI  0.32

(9)

24
R2 = 0.9183
maDRI = 1.2978aaDRI - 0.2799

20

maDRI

16
12
8
4
0

0
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6
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10

12

14

aaDRI

Figure 5. Relationship between maDRI and aaDRI.

A fair degree of match is observed between the expression reported in this study and those
from the previous studies. This indicates the reliability of the indices determined using
0.5ιൈ0.5ι gridded data in the present study. The relationship would also aid towards the
estimation of maDRI from aaDRI in instances wherein meteorological records of wind and
rainfall are not available at a fine temporal resolution.
4.3 Trend Analysis Based on Yearly Driving Rain Index
This study extends to the determination of any existing trend between the driving rain index for
the considered 30 years of data. This is facilitated by determination of yearly driving rain index
(yDRI) for each year, calculated as stated in Eq. 10:
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yDRI (Total rainfall in a year)  Average rainfall in a year 

(10)

Rainfall in expressed in m, and the average wind speed is expressed in m/s. The objective is
facilitated by conducting MK test and determination of Sen’s slope for each of the grid as
discussed in section 3.2. Fig. 4 shows the plot of trend analysis for each of the 1179 grids at 5%
significance (α). It can be observed from Fig. 4 that, there exists significant negative trend in
northern and north-eastern part of the country, where as significant positive trend is observed
by parts of western and south-western India which observe shielded exposure condition. The
value of β ranged between [-0.10, 0.04] which is fairly similar to the range of [-0.12, 0.03] as
was reported by Narula et al. (2017). Out of the total number of grids exhibiting significant
trend, 61.53% observe a negative trend in severity.

5 Summary and Conclusion
The present study assesses the severity of prevailing moisture loads on buildings in India at a
spatial resolution of 0.5° × 0.5° using gridded records of wind and rainfall data. This assessment
has been facilitated by the computation of maDRI and aaDRI. Trend analysis of yearly driving
rain index has also been carried out at a 5% significance level to determine the temporal
evolution of the relative severity of moisture loads. The major findings and contributions of this
study are as follows:
- aaDRI and maDRI maps for India at 0.5°×0.5° spatial resolution have been developed.
- The maDRI map developed is apt for the assessment of relative severity of moisture
loads for India. Zones of shielded, moderate, high, and severe exposure condition
correspond to 63.36%, 33.42%, 1.95%, and 1.27% respectively of the total land area.
- There has been a decline in moisture loads manifesting on buildings. Majority of the
area has been observed to be under shielded exposure condition, in comparison to a
previous study wherein maximum area was reported to be under moderate exposure
condition.
- maDRI and aaDRI exhibit strong linear relationship which is in compliance with
previous studies, thus indicating the reliability of the equation developed (Eq. 7) for the
determination of maDRI.
- Trend analysis of the yDRI values reveals statistically significant decreasing trends over
the northern and eastern regions of the country whereas increasing trends in the shielded
regions surrounding central India.
- The limitation of the reported results lies in the unavailability of fine resolution gridded
wind data from ground observations and the lack of grid-to-point comparison of gridded
datasets with respect to station data in order to assess the reliability of the gridded
weather datasets.
The study can be further be extended towards the determination of daily driving rain index
for the same spatial resolution subjected to the availability of data. This is expected to provide
a better representation of the prevailing moisture loads on building envelopes in India.
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Abstract. This paper presents a new service life database (DUREE database) for building elements,
based on international service life data. The database includes 7’000 service life data, for more than
2’000 building elements. In addition, the fitting of the data to a lognormal distribution is presented. The
study contributes to the increasing demand of probabilistic building LCA and LCC and provides the
possibility to define statistical distributions, with a systematic way, for a large number of building
elements and different levels of details (LOD), appropriate for BIM-based assessments.
Keywords: Service Life, LCA, LCC, Lognormal Distribution, Probabilistic Analysis.

1 Introduction
Reliability issues in life cycle studies, i.e. Life Cycle Assessment (LCA) or Life Cycle Cost
(LCC) analysis have been long discussed (Björklund, 2002; Huijbregts, 1998). Different
methods have been proposed to enhance the confidence in the LCA results, i.e. uncertainty and
sensitivity analyses, as summarized in Pannier (2018) for the building sector. Reducing the
variability and uncertainty of the input parameters, increase the accuracy of the LCA or LCC
result. Among the different parameters that present significant uncertainty and influence the
building LCA accuracy is the service life of the building elements, as it has been shown by
different studies, e.g. (Grant and Ries, 2013). The service life mainly influences the use phase
through the replacement of the building elements. For instance, in rescent LCA studies, the
replacement stage can account for up to 36% of the greenhouse gas emissions (GHG) of a
multifamily house (Goulouti et al., 2019).
The term ‘service life’ (or lifetime) can be understood and defined in various ways,
depending on the scope of the final user e.g. building designer, owner, LCA or LCC expert
(Lasvaux et al., 2019). According to Thiebat (2019), the service life of a building can be
classified into physical, functional or economic service life. The physical service life
corresponds to the lifetime allowed by physical degradation procedures, contrary to the
functional one that additionally takes into account the ‘performance/requirements ratio’, while
the economic service life corresponds to the residual economic value. Furthermore, the
international standard ISO 15686, (ISO 15686:2011), distinguishes among the service life, the
reference service life, the estimated service life, the predicted service life and the service life
during the design. In the Swiss context, the Swiss Society of Architects and Engineers (SIA)
differentiates the technical service life (SIA 2047, 2015; SIA 480, 2016), from the useful life
(SIA 2047, 2015; SIA 260, 2003; SIA 480, 2016) or the amortization period (SIA 2032, 2010),
used for LCA calculations.

doi:10.23967/dbmc.2020.035
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There are multiple studies, as summarized in Silvestre et al., (2015) that discuss the ways
the service life is estimated, mainly through the deterministic, the probabilistic and engineering
method. However, in practice, the attribution of the building elements service life is based on
standardized values, from technical standards, as for example in Switzerland, in the SIA 2032
technical book (SIA 2032, 2010). Apart from the technical parameters that affect the duration
of service life, different scientific studies, as summarized in (Goulouti et al., 2019; Volland et
al., 2019) have identified a variety of non-technical, socio-economic parameters that
additionally affect the service lives of building elements.
Hence, there is a variability linked to the definition and the corresponding estimation of
service life and there is no general agreement about the service life data, among the studies, as
it is also stated in Dixit (2017). Furthermore, in the literature, there are different ways of
decomposing buildings and attributing the service life, i.e. either at the functional or at the
construction material level. Previous studies with service life data for specific materials have
been conducted by Hoxha et al. (Hoxha et al., 2014) and Dixit (2019), who additionally
reported their variability through statistical distributions. Looking at more functional oriented
databases, the Swiss eBKP-H – SN506511 (CRB, 2012) standard of construction costs provides
a structured way to decompose the building into elements and sub-elements. Similar
decomposition exists in Germany, too. In France, the INIES database that was developed to
gather product-specific LCA studies of manufacturers (i.e. the “Environmental Product
Declarations”, EPDs), includes a hybrid building decomposition, combining both a functionoriented classification and a material orientation (e.g. firstly the Insulation product category,
which is then decomposed into different materials like EPS, glass wool, etc.). The main
limitations of the previous studies and databases are either that they are not complete, in terms
of material variety (Dixit, 2019; Hoxha et al., 2014) or that they report deterministic service
life values and no statistical distributions can be derived (CRB, 2012; HQE, 2004).
In the context of increasing the reliability in LCA and LCC calculations, by integrating the
inherent uncertainties of the different parameters, there is a necessity of providing a systematic
way to take into account the service lives of building elements in LCA calculations, within a
probabilistic framework. Thus, the aim of this paper is to present the development of a service
life database that gathers service life data from 67 international sources. The database uses a
hybrid decomposition (functional decomposition according to eBKP-H – SN506511 and
material decomposition, as well) and it is thus compatible to the BIM-based LCA context,
allowing calculations in different level of details (LOD), as stated in Cavalliere et al. (Cavalliere
et al., 2018). Furthermore, statistical distributions are determined using the collected data,
through a straightforward method.

2 Development of the DUREE Service Life Database
The literature search for service lives was conducted in English, French and German via
Google, Google Scholar and Science Direct. The research of the service life data concerned
data for the structural system, the technical installations, the façade elements and coatings, the
roof elements, as well as for the interior layout. In total, 67 sources were identified, coming
from energy standards, LCA and LCC standards, the public sector, scientific reports, private
associations, banks, building management and insurance companies. Furthermore, the partners
of the IEA EBC Annex 72 contributed to this research, by providing additional service life data

1894

Kyriaki Goulouti, Morgane Giorgi, Didier Favre and Sébastien Lasvaux

through a survey, conducted on national LCA methodologies, in the beginning of 2019
(Lasvaux et al., 2019). Depending on the scope of the final user, the service life values were
then classified in three main categories, i.e. LCA, LCC and Real – Estate Management. The 67
sources resulted in 95 entries and their allocation is presented in Table 1. Some documents did
not only provide a single average service life but also a range of values e.g. min – mean – max.
These values were treated as individual sources. Moreover, some service lives can be used in
more than one category (e.g. LCA and LCC). In that case, the values were attributed to both
LCA and LCC categories. This explains why the total number of sources in Table 1 is above
67. More details about the sources can be found in (Lasvaux et al., 2019).
Table 1. Type and number of identified sources and service life values.

Type of sources
LCA documentations
LCC analysis
Real – Estate Management domain

Total sources
39
14
23

Total values
50
23
36

The service life data were organized in a database and formed the DUREE Database in an
Excel spreadsheet, according to the eBKP-H – SN506511 that it is appropriate for different
LOD calculations, in BIM-based LCA and LCC analyses. The five main groups of building
elements, extracted from this functional nomenclature, include the structural work (main group
C), the technical installations (main group D), the façade elements and coatings (main group
E), the roof elements (main group F) and interior layout (main group G), see Figure 1. These
main categories are further decomposed into two sub-categories, according to the SN 506511
nomenclature (e.g. the intermediate element level and the detailed element level). Five more
sub-categories were added to this decomposition, in order to cover lower levels for more
detailed components. Figure 1 presents an example of the database structure, for the SIA 2032
LCA perimeter. The names of the eBKP-H – SN506511 codes of the building elements are
shown in Figure 2.

Figure 1. Main groups and intermediate element levels from the eBKP-H - SN 506511 nomenclature, for the 24
building elements, according to SIA 2032.

Each one of the 67 sources provides service life data for different components. Some sources
offer data only for the main and intermediate categories, while others provide values at a lower
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material level. Hence, an Excel function was created in order to calculate the statistic mean for
each source for the main and intermediate categories, in case that service live data were
provided at the material level. This function adds a flexibility to the database and allows
calculations for the different stages of the design process, i.e., for a screening analysis by taking
values from the main categories (e.g. D Technical installations), or for a detailed analysis, by
taking values from lower levels of details (e.g. heat producer, D5.2).

3 Descriptive Statistics
The database includes approximately 7’000 service lives data, for more than 2000 building
elements. From these data, approximately 79% came from LCA and LCC sources. In addition,
approximately 28% came from Switzerland and the rest were international data, mostly from
European countries. The majority of Switzerland’s data came from the management sector,
while the majority of the international data belonged to the LCA domain.
Figure 2 presents the boxplots of the service lives for all the building elements included in
the LCA perimeter of the Swiss SIA 2032 (see Figure 1). The descriptive statistics are presented
for the total sample, as well as for the three sub-samples that correspond to service lives coming
from LCA, LCC or Management sources. For some components such as photovoltaics, solar
collectors or geothermal probes, some sub-samples (e.g. service life data for PVs in the LCC
literature) are quite small, since there is a limited number of data found in the literature. The
boxes correspond to the central 50% of the data, while the whiskers represent 80% of the data.
In general, there is a considerable variability for the most of the building elements and the
different sources do not agree, as also stated in Dixit (2019). For each building element, the
service life data exhibit a similar trend among the three sub-samples, regarding the variability.
As far as the median values are concerned, two of the three sub-samples are relatively in
accordance, but they are not systematically the same. In other words, there is no sub-sample
that presents systematically lower or higher values. Hence, it is recommended to use the total
sample, in order to determine a statistical distribution for the building elements’ service life.
Furthermore, the boxplots show that the service lives are positively or negatively skewed. The
building elements exhibiting the highest variability are the technical installations (main group
D), while the smallest variability is exhibited by the roof elements, (main group F).
Furthermore, it should be noted that the variability of the sources diminishes, when moving
towards lower levels of the database and more detailed materials, e.g. from D1 (electrical
installations) to D1.2a (PV). The descriptive statistics for additional building elements can be
found in (Goulouti et al., 2019).
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Figure 2. Boxplots for the 24 building elements, according to the SIA 2032 (see Figure 1) building LCA system
boundaries.
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4 Fitting to a Statistical Distribution
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As stated in Dixit (2017), in order to deal with the variability of the service lives, statistical
distributions can be determined, based on empirical service life data. Thus, using the DUREE
database, such statistical distributions can be derived, with a systematic way for different
building elements and levels of the database, i.e. service lives coming from the main groups or
the sub-categories. Consequently, the service lives of the building elements can be taken into
account, within a probabilistic framework, in further LCA and LCC calculations. In the
literature, the lifetime data are often modelled using lognormal or Weibull distributions, (Aktas
and Bilec, 2012; Kim and Yum, 2008). Input service life data constitute independent positive
random quantities, for which the use of the lognormal process is well justified, (Voelkel, 2006),
since according to the central limit theorem in the log domain, an infinite number of positive
random values would approach the lognormal distribution (Limpert et al., 2001). Thus, the
latter can be used to model the service lives of building elements. In order to assess the goodness
of fit of the lognormal distribution, two statistical methods were employed for the service lives
of the building elements, using the statistical software R (R, 1997). First, the graphical method
was computed, i.e. the Q-Q plots, which compares the theoretical and empirical distributions.
Figure 3 presents the empirical and theoretical density as well as the Q-Q plot of building
element E.2 (Façade coatings above ground). The two graphs show that the two distributions
are linearly related and that their points lie approximately on the line y=x. In addition, the pvalue, according to the Anderson – Darling Test was calculated (R Documentation, 2002). The
results confirmed the initial hypothesis of the lognormal distribution, (p-value > 0.05),
(Goulouti et al., 2019).
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Figure 3. Example of goodness of fit (Q-Q plot) for the E.2 building element (Façade coating above ground).
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5

Conclusions

This paper presents the development of a new database (DUREE database) for the service lives
of building elements. International service life data were gathered and classified in three subsamples, according to the scope of the sources application (LCA, LCC and Management sector).
The main conclusions of the study are:
- The descriptive statistics show that there is a relative important variability and no
general agreement, concerning the service lives of the building elements;
- There is no significant difference, among the three sub-samples, in terms of variability.
As far as the median values are concerned, two of the three sub-samples present similar
values, but they are not systematically the same. Thus, the total sample can be used in
further LCA analysis;
- The structure of the database, i.e. main groups or sub-categories, offers the flexibility to
the designer to attribute the service life data in different LODs, appropriate for BIMbased LCA analysis, e.g. screening LCA analysis (service lives from main groups), or
more detailed LCA (service lives from sub-categories);
- The database offers the possibility to define statistical distributions, with a systematic
way, for the service lives of the building elements. The goodness of fit for the different
building elements confirmed the initial hypothesis of the lognormal distribution.
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Abstract. Chloride ingress in cracked concrete leads to rapid corrosion of embedded steel
reinforcement and a decrease of the expected service life. Corrosion monitoring experiments showed
that a 300 μm wide crack caused initiation of corrosion of a rebar (Ø 10 mm) with a concrete cover of
26 mm within three weeks of cyclic exposure to a 33 g/l NaCl solution. After a period of unstable
corrosion activity during the first 20 weeks of exposure, corrosion propagated further at a relatively
high rate (0.345 to 0.718 mm³/week). Application of a theoretical pitting model revealed that a reduction
of about 50% of the rebar cross-section would occur after a period of 9 to 20 years of continuous cyclic
exposure to chlorides. To avoid such rapid degradation, the use of self-healing concrete can be
proposed. Introduction of macro-encapsulated polyurethane into the concrete matrix, will lead to the
formation of a (partial) barrier against ingress of chlorides at the moment cracks appear. Corrosion
monitoring experiments showed that the autonomous crack healing could not always prevent corrosion
initiation, but caused an important reduction of the corrosion rate during the 44 weeks exposure period.
The mean rate of volumetric loss of steel amounted to 0.042 mm³/week, about 15 times lower than for
the untreated cracked samples. The rebars also showed no or very limited signs of corrosion after visual
inspection. The simplified pitting model indicated that a 50% reduction in steel cross-section would take
more than 5 times longer for samples with self-healing properties versus ordinary cracked samples.
Keywords: Steel Corrosion, Durability, Cracking, Self-Healing Concrete, Service Life Prediction.

1 Introduction
1.1 General Introduction
Reinforced concrete is without doubt one of the most ingenious inventions in the construction
industry. By combining concrete with steel, a composite material is created which has both a
high compressive and tensile strength. Numerous structures, such as buildings, bridges, tunnels
and roads have been made using reinforced concrete due to its high strength and high degree of
freedom in shape and design. A huge amount of steel reinforced concrete structures were built
by the mid-20th century. However, these structures are now over 50 years old and several have
shown major deterioration. One very common problem in reinforced concrete structures is the
appearance of cracks when the concrete element is subjected to tensile stresses. These cracks
form preferential pathways for chlorides or carbon dioxide to penetrate the concrete and rapidly
reach the steel reinforcement. This will increase the risk for initiation and possibly further
propagation of steel reinforcement corrosion. Several studies have provided proof of a
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shortening of the corrosion initiation period due to the presence of cracks and chlorides
(Ahmadi et al., 2015; Jaffer and Hansson, 2008; B. Otieno et al., 2010; Sangoju et al., 2011).
In some cases corrosion onset is almost instantaneous after crack appearance (Schießl &
Raupach, 1997). Moreover, once corrosion has initiated, there can be an acceleration of the
corrosion rate in the propagation phase as the crack provides easier supply of chlorides,
moisture and oxygen to the reinforcement (Ahmadi et al., 2015; Li et al., 2017; Otieno et al.,
2010; Schießl and Raupach, 1997). Mostly, an increase in the corrosion rate was found in short
term tests (< two years) while less influence of cracks on the propagation rate was found in
long-term studies (Käthler et al., 2017).
Thus, cracks should be repaired as soon as possible to avoid major durability issues.
However, cracks in certain structures can be invisible or inaccessible, impairing repair works.
Moreover, repair works have a big economic impact due to the (in)direct costs involved.
Therefore, the idea of providing the concrete with the ability of restoring cracks by itself without
any human interference grew during the last few decades. One promising approach to create a
so-called self-healing concrete consists of the embedment of encapsulated healing agents in the
concrete matrix. Brittle macro-capsules are placed in regions subjected to high tensile stresses
and where cracks would cross the steel reinforcement.
In this research, autonomous crack healing through the use of encapsulated healing agents
was investigated for its efficiency to reduce the ingress of chlorides into the concrete matrix
and to improve the corrosion resistance of reinforced concrete.
1.2 Steel Corrosion Monitoring
Chloride ions cause breakdown of the passive layer on the steel reinforcement when present at
a certain threshold concentration. As the chloride ingress in concrete is not homogenous, this
leads to a very localized corrosion. Chloride induced corrosion is actually a combination of a
macro-cell corrosion process (leading to a current Imacro) between spatially separated anodic and
cathodic areas on the steel and a micro-cell corrosion process between very small anodic and
cathodic parts inside the corrosion pit (leading to a current Imicro). The macro-cell corrosion
process will usually lead to much higher corrosion rates (Schießl and Raupach, 1997).
According to Ohm’s law, the current which is flowing between anodic and cathodic sites on the
steel surface is directly proportional to the potential difference between those areas and
inversely proportional to the resistances of the system. On this basis, the macro-cell corrosion
process can be represented by an equivalent electric circuit.
Concrete

RE
RP,C

RP,A
Passive film
RS ≈ 0

Steel
Corrosion pit

ΔE

Figure 1. Equivalent circuit model for macro-cell corrosion, redrafted after Hiemer et al. (2015).
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As can be seen from Figure 1, the equivalent circuit consists of four resistances: the
resistance of the anodic partial reaction (RP,A), the resistance of the cathodic partial reaction
(RP,C), the resistance of the concrete (RE) and the resistance of the steel (RS, which is assumed
to be zero). The potential difference ΔE (driving potential) between the anode and the cathode
can be seen as the driving force for the corrosion process. In order to estimate the rate of
corrosion, the total corrosion current (Icorr) should be calculated, as in Equation (1).
ΔE
I���� = I����� + I����� =
+ I�����
(1)
R �,� + R �,� + R �

2 Materials and Methods
2.1 Concrete Samples

A reference concrete as described in Van den Heede (2014) was used as a representative mixture
for concrete in exposure class XS2, i.e. submerged reinforced concrete in contact with chlorides
from seawater (Table 1). The mixture had a water-to-binder ratio of 0.41 and a fly ash-to-binder
ratio of 15%, according to the k-value concept (NBN B15-001, 2004). The concrete had a slump
class S4 and a compressive strength at 28 days of 65.2 ± 2.0 MPa.
Table 1. Mix proportions of the concrete mixture.

Sand 0/4 (kg/m³)
Aggregates 2/8 (kg/m³)
Aggregates 8/16 (kg/m³)
CEM I 52.5 N (kg/m³)
Fly Ash (kg/m³)
Water (kg/m³)
Superplasticizer (ml/kg binder)

696
502
654
317.6
56
153
3.0

Steel reinforced concrete prisms with dimensions of 120 mm x 120 mm x 500 mm were
made for corrosion monitoring. The reinforcement scheme of the prisms (Figure 1), was based
on Hiemer et al. (2015) and Keßler et al. (2017), and was adapted based on earlier experiments
(Van Belleghem et al., 2018). The steel reinforcement (BE500S) in the concrete prisms
consisted of an anodic and a cathodic part which were electrically separated from each other.
The anode was a central steel bar ( = 10 mm, L = 250 mm), partially coated with cement paste
and epoxy resin to prevent crevice corrosion, with only the central 50 mm exposed. The cathode
consisted of two electrically connected cages (each with four longitudinal rebars  = 8 mm and
five stirrups  = 6 mm which were welded to each other). The anode/cathode ratio was kept
small (1/58) to accurately measure the macro-cell corrosion process. Both parts were connected
to the exterior by means of an insulated copper wire. In addition, two glass fiber reinforced
polymer rebars ( = 6 mm) were placed in the compression zone. Four types of specimens
were prepared (with 3 replicates): uncracked specimens (UNCR), cracked but not healed
specimens (CR), and self-healing specimens containing two layers of 6 capsules filled with high
(6700 mPas) or low (200 mPas) viscosity polyurethane (PU_HV_CAPS and PU_LV_CAPS).
The samples contained an Ag/AgCl internal reference electrode, fixed to the coated part of the
anodic rebar. After casting, the prisms were stored at 20°C and a relative humidity above 95%.
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The prisms were demolded after 24 hours and stored at the same conditions until 28 days.
Then, anode and cathode were connected to each other through the external copper wires.

Figure 1. Reinforcement scheme and capsule positions in the concrete prisms (dimensions in mm) – top view,
redrafted after Van Belleghem et al. (2018).

2.2 Crack Creation
At 28 days, a flexural crack with a target width of 300 µm was created in the concrete prisms
by means of a three-point bending test. The concrete prisms contained a triangular notch with
a height of 3.5 mm at mid-span to ensure that the cracks originated in the center of the prism
and consequently crossed the anodic rebar (and the capsules). Cracks were kept open by means
of a special frame (Figure 2). After crack creation, all samples were stored at 20 ± 2°C and a
relative humidity of 60% for 48 hours to allow the polyurethane to cure inside the crack.
2.3 Exposure Regime
The prisms were placed with the crack facing upwards and the lateral surfaces were covered
with aluminum butyl tape, extending beyond the upper surface of the samples, to create a basin
with three compartments (Figure 2). The top (cracked) surface of the samples was exposed
weekly to 1 d wetting and 6 d drying cycles for a total duration of 44 weeks. During the wet
period, the central compartment was filled with a 33 g/l NaCl solution, while the outer
compartments were filled with a 1.15 g/l Ca(OH)2 solution.
PVC plates

Ca(OH)2

175

NaCl

Ca(OH)2

Figure 2. Concrete prism mounted in a three-point bending test frame (left); Basins on the surface (right).
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2.4 Corrosion Measurements
The macro-cell corrosion current between anode and cathode (Imacro) was measured once every
hour with a low resistance ammeter. Electrochemical measurements were performed at the end
of the wet period with a potentiostat using the internal Ag/AgCl reference electrode (SAE). The
corrosion potential (Ecorr) was measured while anode and cathode were connected. Other
parameters were measured as well (for results see Van Belleghem, 2018), such as open circuit
potential (OCP) of anode and cathode, linear anodic and cathodic polarization resistance (RP,A
and RP,C), and concrete resistance (RE). All electrochemical measurements were performed
weekly during the first 12 weeks of the wet-dry cycles and thereafter every two to four weeks.
2.5 Chloride Profiling and Visual Evaluation
After the corrosion monitoring period, the chloride ingress was determined by means of
chloride profile grinding (layers of 4 mm thickness) in an area of 10 mm x 30 mm around the
crack next to the location of the anodic rebar. The total chloride content of each powder was
determined by means of acid-soluble chloride extraction in a nitric acid solution followed by a
potentiometric titration against silver nitrate. After determination of the chloride profiles, the
anodic steel reinforcement bars were removed from the concrete prisms for visual inspection
of the corrosion products. Next, all rebars were immersed in a chemical cleaner solution
(HCl:H2O = 1:1 + 3 g/l urotropine) for 24 hours in order to remove all corrosion products and
residual concrete. Afterwards, the steel rebars were visually inspected again to investigate the
loss of steel due to chloride induced corrosion.

3 Results of Corrosion Experiments
3.1 Corrosion Monitoring
An overview of the measured electrochemical parameters during the 50 weeks monitoring
period is given in Figure 3. The initial measurement in the uncracked state is shown as ‘week 1’, while ‘week 0’ represents the values after cracking but without exposure to a solution. From
week 1 until week 44 the samples were exposed to the wet-dry cycles. The last measurement at
week 50 was performed after a six week dry period.
The uncracked samples showed a non-active state of corrosion along the whole exposure
period. No macro-cell corrosion current was detected and the corrosion potential was nearly
constant at values of -70 to +80 mVSAE. The cracked samples showed clear evidence of
corrosion initiation within the first three weeks of exposure to 33 g/l NaCl solution: there is a
steep rise in the macrocell corrosion current and a concurrent drop of the corrosion potential
down to values between -200 and -400 mVSAE. Every week a sharp increase of the macro-cell
corrosion current can be seen for all the cracked samples, which corresponds to the start of each
wet period. Apart from the occurrence of these peaks, the overall macro-cell corrosion current
shows a decreasing trend during the first twenty weeks of exposure. It remains relatively
constant in the period from 20 to 44 weeks in a range of 20 to 60 µA, which shows that the
corrosion is propagating at a constant rate. The corrosion parameters measured at week 50, after
a dry period of six weeks, indicate that the corrosion is propagating at a lower rate. This is
logical as the continuous supply of chlorides and moisture act as catalysts for the anodic and
cathodic corrosion reaction.
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Generally, the corrosion behaviour of the self-healing samples with high viscosity PU
(PU_HV_CAPS) was very similar to the corrosion behaviour of the cracked samples. However,
the self-healing samples with low viscosity PU (PU_LV_CAPS) behaved more closely to the
uncracked samples. The macro-cell corrosion current was negligible and the driving potential
was comparable to the values found for the uncracked samples.

Figure 3. Macro-cell corrosion current and corrosion potential for uncracked (UNCR) and cracked (CR) samples
(left) and for samples with high (HV) and low (LV) viscosity PU (right) (Van Belleghem, 2018).

3.2 Chloride Profiles and Visual Examination of the Rebars
The obtained chloride profiles are shown in Figure 4 together with the location of the rebar. For
the uncracked samples the mean chloride concentration at the surface amounted to
3.43 ± 0.05 m%/binder and then dropped fast to nearly zero at a depth of 18 mm into the
concrete matrix. The samples containing an untreated crack showed a very high chloride
concentration close to the surface of the samples (up to 6 m%/binder). The chloride
concentration drops steeply when going to the second layer (4-8 mm below the surface) and
gradually decreases until a depth of 20-25 mm. At depths larger than 20 mm, the chloride
concentration remained almost constant at about 1.3 to 1.5 m%/binder. Autonomous crack
healing with low viscosity polyurethane (PU_LV_CAPS) led to a clear reduction of the chloride
concentration compared to the cracked samples. At the level of the reinforcement the chloride
concentration was about 0.26 m%/binder, which was three to seven times lower compared to
the concentration found at the level of the reinforcement of the cracked samples.
Visual examination of the rebars from the uncracked samples showed no corrosion products
and no visual damage to the rebars was observed after cleaning. For the cracked samples, clear
formation of corrosion products on the central part of the anodic rebar was noticed. After
cleaning, clear pitting corrosion was observed at the same location. The series PU_LV_CAPS
showed negligible formation of corrosion products and no pitting corrosion.
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Figure 4. Chloride profiles of all sample series with indication of rebar location.

4 Prediction of Reduction of Steel Cross-Section
The mass loss of steel due to the macro-cell corrosion reaction can be determined theoretically
from the measurement of the macro-cell corrosion current in time using Faraday’s law
according to Equation (2):
Q M
(2)
m= ∙
F z
where m is the mass loss of iron (Fe) (g), Q is the total electric charge passed through the
substance (C), F is the Faraday constant (= 96485 C/mol), M is the molar mass (here
55.845 g/mol) and z is the valency number (being 2 for oxidation of iron).
The total charge passed can be calculated by taking the integral of the measured current over
time. The mass loss due to micro-cell corrosion is hereby not taken into account. The cracked
samples showed a large mass loss ranging from 0.19 to 0.24 g at the end of the measurements.
A further prediction can be made by calculating the volume loss in the initial 20 weeks of
exposure (high and unstable corrosion current, leading to a volume loss of 6.36 to 15.45 mm³)
and adding this to the volume loss in the secondary period, where a relatively stable macro-cell
corrosion current develops (0.551 to 0.718 mm³/week). A similar calculation for the selfhealing prisms with LV PU, resulted in an initial volume loss of 1.65 to 10.34 mm³ and a rate
of volumetric loss of 0.042 mm³/week afterwards (14 times lower than what was found for the
untreated cracked samples).
Application of a simplified pitting model proposed in Van Belleghem (2018) revealed that,
for a steel bar with a diameter of 10 mm in cracked concrete, a reduction of about 50% of the
cross-section would occur after a period of 9 to 20 years of continuous cyclic exposure to
chlorides. However, for the self-healing concrete with LV PU, such a 50% reduction would
take more than 100 years to occur.

5

Conclusions

-

Cracks in concrete allow rapid penetration of chlorides and impair the durability of the
structure. Within three weeks of cyclic exposure to a 33 g/l NaCl solution, the reinforcement
in lab specimens with a 300 μm wide crack started to corrode. A volume loss of 6.36 to
15.45 mm³ was calculated for the initial 20 weeks of exposure, followed by a period of
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-

relatively stable macro-cell corrosion current leading to a volume loss of 0.55 to
0.72 mm³/week. This means that 50% of the rebar cross-section (diameter 10 mm) would
be lost after 9 to 20 years. Uncracked samples showed a non-active state of corrosion during
the whole exposure period of 44 weeks.
In the case of self-healing concrete with macro-encapsulated polyurethane, crack formation
led to rupture of the capsules and release of healing agent in the crack. Low viscosity
polyurethane induced a decrease of the corrosion rate in comparison to cracked and
untreated samples. After an initial volume loss of 1.65-10.34 mm³, the mean steel loss rate
amounted to 0.042 mm³/week only. At the end of the experiment the rebars showed no or
very limited signs of corrosion. A 50% reduction in steel cross-section was estimated to
take more than 100 years, using a simplified pitting model.
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Abstract. Decrease in performance of building facades, components, and materials before their
service life is an unexpected situation. Therefore, detecting the probable causes of these anomalies
plays a crucial role in maintenance planning. This study aims to determine the environmental
deterioration factors which affect the performance of buildings, especially building façades, through
two case buildings situated in the same university campus in Istanbul. The methodological framework
of the study is based on visual observations and literature review. Through observations on a different
period of time, anomalies have been detected and photographed. In the first case, it has been focused
on metal claddings on building façade. In the second case, it has been focused on GFRC panels which
have the majority of the North façade. Within the help of literature and observations, two cases have
been compared to each other in terms of their deterioration factors and interpreted through graphs. In
the first case, occurred deteriorations have been detected such as uniform dirt, corrosion, joint
degradation, mechanical impacts, and delamination. in the second case, deteriorations have been
observed such as biological staining, uniform dirt, moisture rising, and design failures.
Keywords: Environmental Deterioration Factors, Building Façade Failures, Metal Claddings, Glass
Fibre Reinforced Concrete Façade.

1 Introduction
Performance of a building deteriorates in time depending on environmental effects, usage,
maintenance, detail design and type of materials which are used in building envelope.
Therefore, defining the probable causes of deteriorations has high importance to propose
appropriate solutions.
Environmental agents are divided into natural (wind, rain, freeze and throw, and solar
radiation), and chemical and biological problems, issued by air pollution (Norvaišienė et al.,
2003). The data reported in this paper investigates environmental agents which can affect
performance of façade.
A research called “Climatic and Air Pollution Effects on Building Facades” has a deep
literature review on degradation mechanisms that affect the durability of building materials
(Norvaišienė et al., 2003). A study called “Evaluation of Damage of Building Facades in
Brasilia” aims to evaluate age and climatic agents through quantitative research. Visual
inspections and facade mapping were used as a method and some degradation agents such as
grout and sealing failures and efflorescence are examined over the exposure to solar radiation
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(Bauer et al., 2014). By now, many kinds of research have been done on deterioration factors
and durability of materials. Defining these factors/mechanisms correctly is essential in order
to propose appropriate solutions in design, construction, and maintenance process.

2 Environmental Factors
Mechanisms are generally examined in three categories: physical, chemical, and biological
(Dickinson et al., 1999). Physical mechanisms are related to the presence of water. Freezing
and thawing processes with the temperature and moisture differences may cause stress and
crack on the material (Norvaisiene et al., 2003). Chemical mechanisms involve some
chemical compounds that can react with the building surface. Particulate matters in the air
generally comprise dust, smoke and suspended particles. Dust particles being large and heavy,
settle quickly and will not affect large areas. Smoke and suspended particles being smaller
and lighter remain in the atmosphere for a longer time and affect larger areas (Chew et al.,
2003). Sulfur and nitrate have acidic concentrations, and they cause acid rain, which is a
threat to human health and also building envelope (Norvaisiene et al., 2003). Besides,
corrosion of materials can occur due to chemical interaction with the environment. If
corrosion of materials does not prevent in time, it may cause even structural deteriorations.
In biological mechanisms, wind changing the direction of rain drops to façade and this is
“one of the most important moisture sources” that effects durability of façade material. These
destructive effects can be “frost damage, discoloring, biological and chemical degradations”
and also structural cracking (Blocken et al., 2013). Also rain water is one of the reasons of
stains on façade. It can wash the dirt through the façade and also is a major factor that causes
biological grow on it. “Sunlight plays an important role in affecting the formation of stains on
a facade. The intensity and duration of sunlight that a surface receives affect the limit of
runoff flow, the type of biological stains and the pattern of staining” (Chew et al., 2003).

3 Case Studies
In this part, two case buildings where are located in Istanbul are selected in order to
understand environmental deterioration factors. In this context, there is an approach from
macro to micro scale, which begins with defining the surrounding of the buildings and
continues with the building facade components.
3.1 Local Environment
Both of the case buildings are located in Maslak, where is one of the main business districts of
İstanbul. The altitude is 120 meters, and distance from the sea is approximately 3 km. In the
first case, the northern facade of the building is facing Buyukdere Street, which usually has
heavy traffic flow. Also, there is viaduct which is passing near the case building and facing
the northern facade of the first case building again. The other side of Buyukdere is a highdensity urbanized area which has many commercial and residential complexes.
In the second case building, traffic direction is in North and East face. There is also a
parking lot in the West side. The site plans of the case buildings are given in Figure 1:
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Figure 1. Site plans of the first and second case buildings.

3.2 Micro Environment
Istanbul where the case buildings are located has mild-humid climatic characteristics.
According to the official statistics, the highest temperature is in July (41.5°C), and the lowest
average temperature is in February (-16.1°C). The average number of rainy days is highest in
January (17.3) and the lowest in July (4.3). Maximum daily precipitation is 128.9 mm
(Turkish State Meteorological Service Official Web Sites, n.d.).
The dominant wind direction in the district is North – North East. Accordingly, it is
assumed that the northern façade of the building is exposed to more wind and rain. Figure 2
shows the location of the case buildings in macro scale. Distance from the sea is
approximately 3 km that can be an adequate distance to happen convection of salt.

Figure 2. Location of the case buildings.

The recent measurements performed by Ministry of Environment and Urbanization show
that PM10 and NO2 values are comparatively increasing in the rush hours as a probable
consequence of Buyukdere Street (SİM Project n.d.). Also, a report which has been prepared
in 2018 by the Netherlands Enterprise Agency shows the existing situation within the context
of air pollution in İstanbul. According to the European Directive, the number of permitted
exceedances per year is 18. Figure 3 shows that NO2 limit is exceeded more than 18 times in 6
stations in 2017 and Maslak district has the third highest exceedance level (Standards-Air
Quality-Environment-European Commission, n.d.). As understood, the selected buildings are
located in a highly urbanized area and air pollution in the district is quite a lot. Therefore, the
selection of appropriate material for the building envelope is a critical issue.
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Figure 3. Frequency of hours the NO2 limit was exceeded in 2017.

3.3 Facade Components
The first case building facade mainly has 4 mm thickness white colored aluminum composite
panel (1), siliconized glass system with an aluminum frame (2), structural steel columns (3),
natural stone cladding (4), silver-gray colored aluminum mesh cladding (5) and white colored
aluminum dynamic vertical and fixed horizontal shading elements (6) (Figure 4).

Figure 4. Façade components of the first and second case buildings.

Materials that have been used on façade for the second case building are (most to least);
glass fibre reinforced concrete (GFRC) (1), clinker based facade panels (2), aluminum (3). It
has been focused on metal claddings in the first case and GFRC panels in the second case
since they have the most deterioration in comparison with other materials on the façade.

4 Preparation for Field Observation
The methodological framework of the study is based on visual observations and literature
review. Firstly, façade deterioration factors have been defined in detail through literature. For
the field observation, two datasheets have been prepared. The first datasheet contains the
general information such as primary use of the building and construction process. The second
one involves atmospheric exposures such as wind, rain, sun that affects the building façades,
climate in the observation days and deterioration types. After collecting data, anomalies on
building façade have been detected and shown in façade mapping (Figure 5).

Figure 5. The methodology of the study.
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5 Analysis and Discussions
For the first case building, four observations were made. The first one was made on 27 th April
2015, in a cloudy day, 18°C at 09:30 am. The second one was on 25th September 2018, rainy
day, 19°C. The third one was 9th October 2018, cloudy day, 16°C at 12:00 am and the fourth
observation was on 4th December 2018, after rain, 10°C at 05:30 pm.
For the second case, the first observation was in 22th October 2018, 15:35 in partly cloudy
weather. The second one was in 10th November 2018, 17:09 in a completely sunny weather.
The last observation was made after two heavy rainy days in 19th November 2018, 14:22.
5.1 Case Study 1
According to the observations, anomalies detected on the selected building facades are
examined. Deteriorations are classified into five categories. These are; uniform dirt (A),
corrosion (B), joints degradation (C), mechanical impact (D), and delamination (E). The
deteriorations which have been detected are shown in façade mapping (Figure 6).

Figure 6. Deteriorations on the West, North, and East façade.

Uniform dirt has been mostly seen on the aluminum composite panels and shading
elements (Figure 7). The most dirtiness has been concentrated on the overhangs that have 1012 meter height from Buyukdere Street. Especially the North and East facade are the dirtiest
facades of the building. The reason may be the viaduct which passes above the main road and
brings all the pollution onto the façades within the help of dominant wind and driving rain.
Deterioration Type

<

A

<

Affected parts
Affected facades

9.10.2018
Cloudy, 16°C
Aluminum composite panel
Overhangs and facades, shadings
North, South, East, West

Probable causes

Atmospheric pollution

Date
Weather data

Figure 7. Deterioration type A, ‘uniform dirt’.

The observations which have been made in 25th September and 4th December 2018 show
that two structural columns on the West façade of the building have been deteriorated by
corrosion effect (Figure 8). The waterhole has been observed below the feet of the column
after the rain. Accordingly, degradation on the feet is thought to be due to the wrong slope
angle. Deterioration on the column head may be related with the storm water runoff.
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Deterioration Type

B

Date
Weather data
Affected parts
Affected facades
Probable causes

25.09.2018, 04.12.2018
Rainy, 19°C, after rain 10°C
Structural steel column
column head, body, and feet
West
Atmospheric pollution
wrong slope (ground level)
stormwater runoff

Figure 8. Deterioration type B, ‘corrosion’.

According to the observation on 9th October 2018, joints degradations have been detected
on the North façade, which has covered with aluminum mesh cladding (Figure 9). This
deterioration may be the consequence of stiff breeze coming from the North and North-East
direction. Also, wrong detail design may cause to happen in this situation.
Deterioration Type

C
C2

C1

Date
Weather data
Affected parts
Affected facades
Probable causes

9.10.2018
Cloudy, 16°C
Aluminum mesh cladding
North
Atmospheric effects (wind, rain)
wrong detail design (WDD)

Figure 9. Deterioration type C, ‘joints degradation’.

The observation on 9th October 2018 makes think about a mechanical impact on the North
façade overhang, which is covered with aluminum composite panels (Figure 10).
Deterioration Type

D

D1

D1

Date

Weather data
Affected parts
Affected facades
Probable causes

9.10.2018

Cloudy, 16°C
Aluminum composite panels
Overhang
North

Figure 10. Deterioration type D, ‘mechanical impact’.

According to the observation on 4th December 2018, delamination is seen on the North
and East overhangs (Figure 11). Probable cause is thought to be the storm water runoff with
the wind which is coming from the dominant direction. It may have penetrated from the joints
and caused the delamination of layers on the composite panels.
Deterioration Type
E1

E

Date
Weather data
Affected parts
Affected facades
Probable causes

4.12.2018
After the rain, 10°C
Aluminum composite panels
Overhang
North, East
Stormwater runoff

Figure 11. Deterioration type E, ‘delamination’
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5.2 Case Study 2
According to the observations, anomalies detected on the selected building facades are
examined. Deteriorations are classified into three categories. These are; biological staining
(A), moisture rising (B), and joints degradation (C). The deteriorations which have been
detected are shown in façade mapping (Figure 12).

Figure 12. Façade mapping of the second case building.

According to observations, the building is exposures to the prevailing wind, which changes
the direction of raindrops. As the most deteriorated part of the façade is the N/E (Figure 13),
lack of sunlight slowdowns the procedure of drying after it had been wetted, and results as
biological staining (due to algae, bacteria, and fungi).
Deterioration Type

A

Date
Weather data
Affected parts
Affected facades
Probable causes

22.10.2018, 19.11.2018
Partly cloudy, Rainy
GFRC panels
North, East
lack of sunlight after rains

Figure 13. Deterioration type A, ‘biological staining’.

N/E façade is directly in contact with ground and grasses. Because of continues
dampness, external wall of this part of façade is stained. As a result, mould growth appeared
and there was discoloration to the wall (Figure 14).
Deterioration Type

B

Date
Weather data
Affected parts
Affected facades
Probable causes

10.11.2018, 19.11.2018
Sunny, Rainy
GFRC panels, Clinker panels
North, East
Continuous dampness, WDD

Figure 14. Deterioration type B, ‘moisture rising’.

Panel joints and sealants on a façade provide for drainage of run-off on the facade. Joints
affect runoff can locally rinse away deposited dirt stains at areas where a file of vertical
joints is broken and where joints are slanted (Figure 15).
Deterioration Type

C

Date
Weather data
Affected parts
Affected facades
Probable causes

10.11.2018, 19.11.2018
Sunny, Rainy
GFRC panels, Aluminum
North, East
Atmospheric effects (wind, rain)
wrong detail design

Figure 15. Deterioration type C, ‘Joints degradation’.
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7 Conclusion
In this study, field observation has been done for two case buildings, and probable causes on
façade deteriorations have been examined with the help of literature.
The district of both cases has air pollution due to high urbanization and heavy traffic
intensity. Especially in the first case, some deteriorations have been observed after only three
years of usage on the North, East, and West façades which are close to the main road and the
viaduct. According to the literature, aluminum composite panels should be cleaned at least
once in a year. Besides, stormwater runoff should be controlled to prevent the corrosion of
steel materials. To delay or prevent necessary significant renovations for the future,
maintenance planning should be done and implemented periodically.
This paper helps to understand the expected behavior of GFRC panels and metal claddings
for Istanbul province and similar climatic conditions. More data and laboratory analysis is
required for this method to produce more reliable façade degradation mapping.
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Abstract. The service life of roofs depends not only on the quality of materials and components but also
on several other factors such as workmanship, maintenance, design and substrate. The service life of
materials is at production time estimated to a certain number of years. Later when some experience has
been gained the service life can hopefully be better predicted. However, the predicted service life can
always be questioned because no one knows how long the product or material will last. The durability
of a two-layer roofing-felt membrane has been investigated through inspection of several 20 to 30 years
old roofs that had aged naturally under in use conditions in a northern humid climate. In 50 % of the
inspected roofs, samples were taken out for laboratory test. In this paper, the developed methodology
to conduct a service life prediction of roofing membrane is presented. The paper includes a description
of the on-site inspection; test conducted in the laboratory which was used as basis for predicting the
service life of the two-layer roofing-felt membrane and how these information are extrapolated to a
predicted service life. Further, it is discussed if the used methodology for prediction is generally
applicable for other types of membranes.
Keywords: Natural Ageing, Prediction, Roofing Membrane, Building Survey.

1 Introduction
The service life of a flat membrane roof is dependent of the material of the membrane but to a
large extent also on the design of details and the workmanship. Among the factors affecting the
service life are the slope, the number of details, the buildability (how easy it is to build the roof
including underlay and details). However, it is a prerequisite that the membrane itself has a long
service life and it is the scope of this paper to propose a way to assess the service life of the
membrane material. The influence of design, workmanship and maintenance is also influencing
the service life of the finished roof, however is less influencing the service life of the roofingfelt membrane as a material.
In Denmark, we use a lot of different materials for roof coverings. For flat roofs (little slope)
the traditional material is (bitumen based) roofing felt, which still has the major part of this
market. PVC, TPO and other plastic materials only have a small market share.
As well, the membrane materials as the underlays have undergone large changes during the
years. The roofing felt was originally a cheap material with a short service life that depended
on regular maintenance. Later materials with better composition and better reinforcement were
developed but still the service life was very short compared to other roof coverings. One of the
reasons for this was that roofs were made without slope. This meant that the membranes were
exposed to water for long periods and, even worse, that they – due to the many freezing point
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passages in Denmark – were exposed to forces from formation of ice. For some years, the
service life for roofing felt in Denmark was only estimated to 12-15 years.
In the beginning of the 1970ies the codes were changed, so a slope of at least 1:40 were
required in order to avoid standing water and problems due to ice. Since then, lots of
development as regards substrates for roofing membranes and composition (including
reinforcement) of roofing felt have taken place. The roofing felts used today are almost
exclusively modified bitumen (SBS or APP modified) with reinforcement of polyester
(sometimes supplemented with small amounts of glass fibre).
Service life of roofing materials has been a subject of many heated discussions and so far, it
has in Denmark not been possible to agree on reference service lives for different roofing
materials.
Some roofing materials like clay tiles and zinc have been used for a long time and their
service life is relatively well known due to long times experience from practice. For membranes
the composition of the materials is changing rapidly and long-term experience are consequently
not available. Estimation of service life must therefore be based on other methods e.g.
accelerated ageing or estimation of service life based on the condition of roofs in practice
(which naturally means that the roofs should have a relatively long time of service under in use
conditions). In the following, we set forth how estimation of reference service life for a roofing
felt was performed in Denmark and give proposal to a methodology for assessing estimation of
service life for roofing membranes.

2 Method
As mentioned above estimation of service life may be performed in different ways. In this small
study, a combination of visual inspections and laboratory testing was used to estimate/predict
the reference service life of a two-layer roofing-felt membrane.
The inspections were only related to the roofing felt itself (not to the welded joints,
penetrations etc.). The roofs were located all over Denmark, and had an inclination between
1.4° and 45°. The roofing felt was laid out on an underlay of wooden boards or insulation
materials. The 12 inspected roofs were chosen randomly amongst several other roofs
constructed in the period 1990 to 1999, i.e. 20-30 years old roofing-felt membranes. Amongst
the criteria for selecting, the roof was the geographical location, size and accessibility. One roof
was new when the roofing felt was installed and 11 roofs were renovations. The inspected roofs
had a total area of 26´639 m2. The age and history of the inspected roofs were known as they
belonged to a database run by a guarantee body, and the inspected roofs were chosen from this
database.
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2.1 Inspections
Prior to the inspection, a systematic inspection scheme was developed to obtain a more
consistent evaluation of the roofs. The evaluation of the different roof parameters, cf. Table 1,
were ranked in four steps from a to d, which described the condition of the roof as
a)
b)
c)
d)

in good conditions,
with minor degradation,
with critical degradation,
in need of replacement.

The general information were determined before the inspection and validated on site;
however, if a sample was not cut out it could difficult to determine the buildup of the roof and
the membrane layers.
Table 1. Content of scheme used for visual inspection.

General information
Relevant for evaluation
Other information

Area, year of construction, type of membrane, layers, inclination,
substrate, fixation
Overall condition, condition of slate granules, cracks in membrane,
traffic areas, walkways, maintenance, biological growth, roof valley,
residual service life
Quality of welded joints, depression or lump, number of details, cracks
in coverings, roof light, damage at roof light, installations on roof
and fastening, drainage

In connection with the inspection, samples measuring approximately 0.7 x 1.0 m were cut
out of six roofs, cf. Figure 1, for later laboratory test, cf. Table 2. The sample was cut out
between to welded joints thus; it was possible to repair the roof with a decent result.

a)

b)

Figure 1. a) Test specimen cut out of roof with a wooden substrate and b) layers of welded roof membranes.
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Table 2. The test methods used for testing of samples.

Test method

Title

Deviation

FTIR-analysis

Determination of SBS content

None

EN 12311-1:1999

Flexible sheets for waterproofing - Part 1:
Bitumen sheets for roof waterproofing Determination of tensile properties

Only tested in the longitudinal
direction

EN 1109:2013

Flexible sheets for waterproofing.
Bitumen sheets for roof waterproofing.
Determination of flexibility at low
temperature

Tested on the entire system and
in some cases on fewer
specimens than prescribed due
to lack of material

EN 12691:2006

Flexible sheets for waterproofing Bitumen, plastic and rubber sheets for
roof waterproofing - Determination of
resistance to impact

Tested at -10°C on a substrate
of mineral wool instead of
testing at 23°C on a substrate
of polystyrene or alu-board

EN 12730:2015

Flexible sheets for waterproofing.
Bitumen, plastic and rubber sheets for
roof waterproofing. Determination of
resistance to static loading

None

EN 13707:2013 + A2 Flexible sheets for waterproofing.
Reinforced bitumen sheets for roof
waterproofing. Definitions and
characteristics

2.1.1

Results of visual inspections

The results of the visual inspections are that the top membrane in all inspected roofs are assessed
as being in good condition. Only minor changes compared to new membranes were visible. The
protection in form of slate granules on the surface of the membrane was almost intact, and there
were only minor signs of degradation even in valleys and depressions where water may gather
occasionally (Figure 2a and 2b). There were in a few cases small cracks in the slate covering –
known as “mud cracks” – but even here, there were no signs of degradation of the bitumen
below (Figure 3a). In no cases, there were seen degradation to an extent where the
reinforcement was visible. There were no signs of shrinkage of the membrane during the
inspections, and there were no signs of moisture problems (neither were there reported leaks or
moisture problems). On the north facing coverings biological growth was often seen (Figure
3b), which can be eliminated with a regular maintenance. Biological growth was often observed
on roofs that were not maintained, however, this did not indicate any signs of degradation of
the raw top-roof membrane.
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a)

b)
Figure 2. Roof condition at different points. a) Condition of slate is generally good as shown, b) roof valley in
equal conditions as other parts of roof membrane.

2.2 Laboratory Tests
In Denmark, we have no legal requirements to the properties of roofing materials apart from
the requirement of watertightness. There are on the other hand a number of properties that are
normally considered when discussing bituminous roofing membranes. These include:
tensile strength, elongation at break, flexibility under cold conditions and static and dynamic
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a)

b)
Figure 3. Roof condition at different points. a) mud crack with fine amount of slate granules and b) biological
growth was seen on north facing covering and surfaces, this limited biological growth is assessed not to
influence the service life.

load. It seemed natural to base the study on the above mentioned properties. The testing was
performed on smaller samples taken from larger samples of 0.7 x 1.0 m from the six roofs. The
laboratory tests were conducted on the combined upper and lower roofing-felt membranes,
because it was not possible to separate the two membranes. The results from the laboratory test
were compared to a reference sample made from a virgin roofing felt (newly produced) as a
combination with an upper and lower membrane welded together similar to the samples taken
out from the inspected roofs.
The testing was performed at a laboratory that had all the necessary test facilities and was
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approved by ETA Denmark. The test facilities was inspected and the testing was supervised by
SBi (the Danish Building Research Institute /Aalborg University) and ETA Denmark A/S (that
afterwards issued an ETA based on the results of the investigation).
2.2.1

Results of laboratory tests

Tensile strength is often required to be above 500 N/50 mm per sheet of bituminous roofing
material and above 1000 N/50 mm for a finished solution with two layers of membrane. This
requirement was fulfilled for all the tested specimens.
Elongation at break: The results achieved during testing was all above normal used
requirements in many other European countries.
For flexibility under cold conditions results under -15 °C were achieved for membranes aged
20-30 years under in use conditions i.e. better than the requirements used for new membranes
after accelerated heat ageing (often considered to be equivalent to 10 years of natural ageing).
Testing for static and dynamic load was passed by all samples with results similar to those
for virgin materials.
The SBS content in the tested membranes lies in the same range as by production and within
the deviations that may be expected by the test method.
In general, all samples that were tested performed very close to the reference samples of
virgin welded material.

3 Service Life Prediction
There are no commonly accepted method to be used for prediction of service life based on tests.
All predictions are consequently based on subjective judgements.
In this case the prediction of service life of the roofing membrane is based om visual
inspections and tests in the laboratory. It is our opinion that both parts of the investigation are
important and both should be taken into account when the service life shall be predicted. If one
of the two parts gives unsatisfactory output, the service life can at best be assessed to a little
longer than the actual service life of the inspected roofs. If both factors are on a good level, the
service life can be assessed to be longer than the actual service life of the inspected membranes
– the question is only how much longer. This depends on the actual results of both inspections
and laboratory tests. Both tests should be weighted equally important and all the investigated
parameters determined in the laboratory.
In this study inspections as well as laboratory tests showed very good results. Based on the
results the reference service life was estimated to at least 50 years. This result is in accordance
with earlier studies in Denmark performed by the Danish Roofing Advisory Board (Brandt and
Bunch-Nielsen, 2008) and results from Finnish investigations (Kattoliitto, n.d.).

4 Discussion
The methodology for prediction the service life of 2-ply roofing felt was in this case chosen as
explained in 3 Service life prediction but other methodologies may be used if it appears more
relevant. The laboratory test might have been complemented by other tests, cf. below, where it
is explained why some test have not been part of this investigation.
Watertightness was not tested, as no leaks or moisture problems have been reported or noted
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in the roofs. Further, no leaks were detected after the tests for static and dynamic load.
Strength of connections were not tested as it was impossible to separate the layers in the
finished membrane (two layers welded together).
Dimensional stability was not tested as this is most important the first few years after
installation (shrinkage is unwanted at installation). There were no signs of shrinkage by the
inspections.
Peel and shear resistance is not relevant for 2-ply systems according to EN 13707 table A.1.

5 Conclusion
In this study we used a methodology based on a combination of visual inspections of “old”
roofs in situ and test of material properties of samples taken from the inspected roofs. It is our
opinion that this method is well suited for estimation of reference service life of roofing
membranes. It should be noted that it is a prerequisite that the roofs to be inspected should be
relatively “old” compared to the final estimated result of service life. It is also necessary to
know the history of the roof membranes i.e. to avoid estimation of roof membranes that has
been repaired or replaced roof, thus it interfere with the results. We believe that the used
methodology may be used for other types of roofing membranes and maybe even more
generally for estimation of service life for building materials.
When it comes to the service life of the finished roof it is necessary to take into account also
the influence of design, workmanship and maintenance. In Denmark, we have for quite a long
period used directions from the Danish Roofing Advisory Board as guidelines (also known as
TOR and are published in Danish) for the design of bituminous membrane roofs. This has
resulted in a significant decrease in the number of problems we had some 40 years ago i.e. good
directions help to design properly and thereby reduce the number of failures.
In addition, the workmanship is important, and to ensure a good long lasting roof it is
considered crucial that skilled persons are used for the job.
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Abstract. The service life of buildings and components is extremely difficult to model and
predict, mainly due to the uncertainty and variability associated with the degradation
phenomena. These uncertainties are usually related with the intrinsic randomness of natural
phenomena, such as the environmental degradation agents. In order to deal with these
uncertainties, in this study, a stochastic approach is used, to model the service life of timber
claddings. For this purpose, a logistic regression analysis is used to evaluate the probability of
timber claddings to reach the end of their service life over time. Moreover, the impact of the
environmental exposure conditions (e.g. facades orientation, distance from the ocean, exposure
to damp and exposure to wind/rain action), which influence the degradation and service life of
timber claddings, is also evaluated. The proposed models are applied to 150 timber claddings,
located in Valdivia (South Chile), which have been analysed during an extensive fieldwork
survey. The results obtained in this study aid the definition of maintenance plans, in a
technically informed manner, in order to promote the conservation of these claddings, which
are an important symbol of the local identity of this region, depicting a complexity of cultural
values, inherited by Spanish and German colonisations.
Keywords: Durability, Service Life Prediction, Timber Claddings, Chile.

1 Introduction
A rational approach to the definition of maintenance policies and strategies requires an efficient
evaluation of the service life of the building or element under analysis. External claddings are
one of the most vulnerable elements of a construction, since are subjected to several degradation
agents and mechanisms (Silva et al., 2016). The façade is considered as a building component,
acting as the first durability layer, contributing to the building’s performance and aesthetic
appearance, functioning as the interface of the exterior and the inner environment, thus also
contributing to the users’ internal comfort. The deterioration rate of timber façades depends on
several variables, including location, solar orientation, architectonical details, exposure level,
microclimate, and intrinsic properties of materials used in construction. The use of service life
prediction methodologies allows a more rational management of the maintenance of buildings
and its constructed components by supporting reduced life cycle costs of built assets. This study
evaluates the probability distribution of the degradation condition of timber claddings, using
the evaluation of the characteristics of 150 cladding systems inspected in Valdivia, Chile. For
that purpose, a logistic regression analysis is used, which allows forecasting the probability of
the timber claddings to reach the end of their service life over time and according to their
environmental exposure conditions. This analysis is relevant in developing countries where
there are few studies related to the service life prediction of building components (façades). The
scarcity of funds to maintain and preserve the built park and infrastructures needs a more
rational approach to decision-making regarding the inspection, maintenance and rehabilitation.
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1.1 Degradation Phenomena of Timber Claddings
In 2011, Gaspar and de Brito (2011) proposed a numerical index (severity of degradation - Sw)
to express the overall degradation condition of facades claddings. The severity of degradation
(Sw) index is obtained by the ratio between the weighted degraded area and the total cladding
area, assuming the highest possible level of degradation (equation 1). This methodology was
originally developed for rendered facades, establishing a general framework model, and was
adapted to new cladding materials, as natural stone claddings, ceramic cladding systems,
painted surfaces (Silva et al., 2016).
𝑆𝑆! =

∑#$! ×&! ×&",! '

(1)

$×∑ &$"%.

Where Sw represents the severity of degradation of timber claddings, expressed as a
percentage, kn is the multiplying factor of anomaly “n”, as a function of their degradation level,
within the range K = {0, 1, 2, 3, 4}, ka,n is the weighting factor corresponding to the relative
weight of the anomaly detected, An is the area of cladding affected by an anomaly “n”, in m2, A
is the facade area, in m2, and ∑(kmax.) is the sum of the weighting factors for the highest
degradation level of each anomaly type in a cladding with an area equal to A. In Table 1, the
different types of anomalies detected are classified according to five degradation levels,
considering the extent of the cladding affected by them. The degradation levels proposed vary
between level A (very good condition) - the most favourable condition, corresponding to
claddings with no visible degradation - and level E (severe degradation) - the worst possible
condition, corresponding to claddings with generalised degradation.
Table 1. Degradation levels adopted for timber claddings.
Degradation level

Anomalies
group

Anomalies description

ka,n

% Area of
cladding affected

Level A
(Very good)
Sw ≤ 1%

-

No visible degradation

-

-

Aesthetic

AA1 Staining or color change (dirty surface)
AA2 Wearing or detachment of the finishing layer

0.3
0.7

≤ 15%
≤ 10%

AB1 Warping, swelling or other flatness deficiencies

0.5

≤ 10%

AA1 Staining or color change (dirty surface)
AA2 Wearing or detachment of the finishing layer
AB1 Warping, swelling or other flatness deficiencies
AB2 Cracking of elements and/or joints (possibly from substrate
cracking)
AB6 Moisture (Oxyde) / Biocostra
AB8 Delamination
AB9 Crumbling
AA2 Wearing or detachment of the finishing layer
AB1 Warping, swelling or other flatness deficiencies
AB2 Cracking of elements and/or joints (possibly from substrate
cracking)
AB3 Broken or splintered elements
AB4 Detachment of elements from substrate (lack of adherence)
AB6 Moisture (Oxyde) / Biocostra
AB5 Rot
AB7 Xylophage attack
AB8 Delamination
AB9 Crumbling
AB3 Broken or splintered elements
AB4 Detachment of elements from substrate (lack of adherence)
AB5 Rot
AB7 Xylophage attack
AB8 Delamination
AB9 Crumbling

0.3
0.7
0.5

> 15%
> 10% to ≤ 50%
> 10% to ≤ 50%

0.9

≤ 20%

0.5
1.0
1.2
0.7
0.5

≤ 30%
≤ 10%
≤ 10%
> 50%
> 50%

0.9

> 20%

1.0
1.2
0.5
1.2
1.0
1.0
1.2
1.0
1.2
1.2
1.0
1.0
1.2

≤ 20%
≤ 10%
> 30%
≤ 10%
≤ 10%
> 10% to ≤ 30%
> 10% to ≤ 30%
> 20%
> 10%
> 10%
> 10%
> 30%
> 30%

Level B
(Good condition)
1% < Sw ≤ 10%
Level C
(Slight
degradation)
10% < Sw ≤ 20%

Loss of
integrity
Aesthetic

Loss of
integrity
Aesthetic

Level D
(Moderate
degradation)
20% < Sw ≤ 40%

Level E
(Severe
degradation)
Sw > 40%
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2 Probabilistic Analysis of Timber Claddings Reaching the End of their
Service Life Over Time
A logistic regression analysis is used to model the probability of timber claddings reaching the
end of their service life over time and according to their environmental exposure conditions.
Logistic regression is one of the most used statistical procedures, which allows describing the
relationship between a categorical dependent variable and one or more explanatory variables,
in terms of the probability of a given event. In this study, the dependent variable corresponds
to the question “Has the timber cladding reached the end of its service life?”, and this question
presents two mutually exclusive classes: “yes” and “no”. For the timber claddings under
analysis, it is assumed that a cladding reaches the end of its service life, when presents a set of
anomalies corresponding to a severity of degradation of 20%. Figure 1 shows an illustrative
example of a timber cladding in the end of its service life. The limit to establish the end of
service life is conventionally defined and is related to the Chilean context, and with the users’
acceptance criteria. This theoretical limit can change according to the buildings’ economic and
social context or even funds available for maintenance actions. The sample analysed is
composed by 150 timber claddings, located in Valdivia (South Chile), and only 8% of the
claddings have reached the end of their service life. In the first analysis performed, only the age
of the claddings is used as explanatory variable.

Figure 1. Case study that exemplifies the end of the service life of timber claddings.

The proposed model, described by Equation (2), allows evaluating the probability of a timber
cladding reach the end of its service life according to its age. The goodness-of-fit of the
proposed models to the dataset under analysis is evaluated through the Chi-square test (c2) and
the Chi-square test of Hosmer-Lemeshow (cHL2). These tests are easy to compute and are present
in the statistical software used in this study; furthermore, as mentioned in Silva et al. (2016),
these tests have been widely used mainly due to the nonexistence of better approaches. For the
Chi-square test (c2) test, a p-value around 1 reveals a better fit to data than a model that only has
the constant; on the other hand, a p-value around 1 for cHL2 test, reveals that the age of the
claddings or the other independent variables included in the model, are relevant for the end of
service life of timber claddings. The model summary (c2(148) = 17.826, p = 1.00) and the
Hosmer and Lemeshow test (cHL2(8) = 0.133, p = 1.00) reveal an adequate adjustment of the
model to the sample under analysis. The Wald test (cWald2 (1) = 12.163, with p = 0.00) shows
that the age is statistically relevant to predict the probability of timber claddings reaching the
end of their service life.
𝑃𝑃(𝑌𝑌 = "𝐸𝐸𝐸𝐸𝐸𝐸 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙") = 1 −

(

()* '().*++,+.-./012

(2)
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Figure 2 shows the probabilistic distribution of timber claddings reaching the end of their
service life over time. As expected, the probability of timber claddings reaching the end of their
service life increases with the claddings’ age. After 33.8 years, a timber cladding presents a
probability higher than 50% of have reached the end of its service life, after 35.8 years, this
probability is higher than 75% and after 37.9 years, it is higher than 90%.
P (reach the end of
service life)

100%
80%
60%
40%
20%
0%

0

10

20

30

40

50

60

Age (years)
Figure 2. Distribution of probability of timber claddings reaching the end of their service life over time.

Table 2 shows the classification table of the proposed model, which allows evaluating the
percentage of timber claddings correctly classiﬁed by the model, i.e. the classification table
provides the accuracy of the model, evaluating the capability of the model discriminate the case
studies that has reached the end of their service life from the case studies that has not reached
this limit. The proposed model classiﬁes correctly 97.3% of the timber claddings analysed,
revealing that the model presents a good classiﬁcation capability.
Table 2. Classiﬁcation table of the proposed model.

Observed
Has the timber cladding reached
the end of its service life?
Overall percentage

No
Yes

Predicted
Has the timber cladding reached the
end of its service life?
No
Yes
136
2
2
10

Percentage
correct
98.6
83.3
97.3

3 Probabilistic Analysis of Timber Claddings Reaching the End of their
Service Life according to the Environmental Exposure Conditions
Wood is frequently used as external cladding, mainly due to aesthetic, ecological or
architectural reasons. Nevertheless, wood is extremely susceptible to various degradation
agents and mechanisms (e.g. wetting, microorganisms, fungi or algae, xylophage agents),
especially related with the environmental exposure conditions (Brischke et al., 2017). In this
sense, in this study, the influence of the environmental exposure conditions in the service life
of timber claddings, located in Valdivia (Chile) is analysed. For this purpose, the influence of
the exposure to damp, the façades orientation, the wind-rain action and the exposure to sea salts
(distance from Pacific Ocean) is evaluated. In Figure 3, the probability of timber claddings
reaching the end of their service life over time, according to their exposure to damp, is analysed.
For the exposure to damp, two categories are considered (Silva et al., 2016): i) high, for
claddings located near to damp sources, in contact with the terrain, in areas with high relative
humidity, and not protected by adjacent buildings; and ii) medium, for claddings that are not
directly exposed to damp sources. Equation (3) allows estimating the probability of a timber
cladding to reach the end of its service life over time and according to its exposure to damp,
where the variable “Age” must be replaced by the age of the timber claddings and the variable
“Damp” must be replaced by 1 if the timber cladding presents a high exposure to damp and by
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0 if the cladding shows a medium exposure to damp. This model correctly classifies 97.3% of
the timber claddings under analysis.
P (reach the end
of service life)

100%
80%
60%
40%
20%
0%

0

10

20

30

50
60
Age
(years)
High
Medium
Figure 3. Distribution of the probability of timber claddings reaching the end of their service life over time,
according to their exposure to damp.

𝑃𝑃(𝑌𝑌 = "𝐸𝐸𝐸𝐸𝐸𝐸 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙") = 1 −

40

(

(3)

()* '*(.34*,+.4*+012,(.(3.5"$6

P (reach the end of
service life)

Figure 4 shows the probability of timber claddings reaching the end of their service life over
time, according to façades orientation. This probability can be estimated using Equation (4),
where in the variable “façades orientation”, the symbol of the category corresponding to the
timber cladding analysed should be replaced by 1, and the remaining categories’ symbols by 0.
The logistic regression model obtained, adopting the variable age and façades orientation
correctly classifies 98% of the sample analysed.
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Figure 4. Distribution of the probability of timber claddings reaching the end of their service life over time,
according to façades orientation.
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𝑃𝑃(𝑌𝑌 = "𝐸𝐸𝐸𝐸𝑑𝑑 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙") = 1 −
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(
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(4)

Figure 5 presents the probability of timber claddings reaching the end of their service life
over time, according to their exposure to wind-rain action. In this study, two categories are
adopted to characterise the exposure conditions of timber claddings to the combined action of
wind and rain: i) unfavourable, for claddings located in tall buildings, located in areas
unsheltered by surrounding buildings or vegetation, thus exposed to prevailing winds; and ii)
current, for claddings protected from the direct incidence of rain and prevailing winds. Equation
(5) allows evaluating the probability of a timber cladding to reach the end of its service life
according to its age and exposure to wind-rain action, where the variable “Wind” must be
replaced by 1 if the timber cladding presents an unfavourable exposure to wind-rain action and
by 0 if the cladding shows a current exposure. This model correctly classifies 97.3% of the
timber claddings analysed.
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Figure 5. Distribution of the probability of timber claddings reaching the end of their service life over time,
according to their exposure to wind-rain action.

𝑃𝑃(𝑌𝑌 = "𝐸𝐸𝐸𝐸𝐸𝐸 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙") = 1 −

(
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P (reach the end of
service life)

In Figure 6, the probability of timber claddings reaching the end of their service life over
time, according to their distance from the Pacific Ocean, is shown. In this analysis, two
categories are considered: i) claddings located at more than 5km from the Pacific Ocean; and
ii) claddings located at less than 5km from the Pacific Ocean. Equation (6) allows estimating
this probability, where the variable “Ocean” must be replaced by 1 if the cladding is located at
less than 5km from the Pacific Ocean and by 0 if the cladding is located at more than 5km. This
model presents a classification capability of 97.3%.
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Figure 6. Distribution of the probability of timber claddings reaching the end of their service life over time,
according to their distance from the Pacific Ocean.
≤ 5km

> 5km

4 Results and Discussion
Bio-materials, as timber, when applied in façade claddings, are exposed to several degradation
agents, which generally are biotic agents (fungi, insects, moulds, algae) and abiotic agents
(water, solar radiation, gradient of temperature, pollutants) (Sandak et al., 2019). Other factors,
such as the building orientation and its surrounding environment, presence of adjacent buildings,
vegetation, and the proximity of water reservoirs (Silva et al., 2016; Prieto and Silva, 2019),
can also compromise the durability of timber claddings. Moreover, the degradation mechanisms
usually occur simultaneously, affecting the degradation pattern over time and the extent
damages among the different timber claddings analysed. Based on the sample analysed (150
timber claddings located in South Chile), and according to the stochastic models proposed, the
following conclusions can be drawn (Table 3).
This analysis reveals that after 33.8 years, a timber cladding presents a probability higher
than 50% of have reached the end of its service life and after 37.9 years, this probability is
higher than 90%. These results are in accordance with the literature related with the durability
of timber claddings, which suggests an estimated service life between 30 to 35 years for wood
materials in outdoor exposure environments.
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The weathering of timber claddings occurs mainly due to abiotic agents, which present a
significant impact in the degradation process of timber claddings in South Chile due to their
exposition to severe climatic conditions. In most cases, weathering leads to cracking, colour
changes or alterations in the finishing layer (Sandak et al., 2019).
A high exposure to damp contributes to the presence of fungi decay, insects, moulds and
algae growth, among other biotic factors (Sandak et al., 2019). Although the presence of mould
does not affect the structural properties of wooden façades, it has a large effect on the aesthetical
service life of the cladding. Mould leads to the claddings’ discolouration, unpleasant odour, and
health problems. This factor usually appears in environmental conditions like in Valdivia,
where relative humidity (RH) is higher than 75% and the temperature ranges between 0 and 45
ºC. Algae, which promotes the colour change of timber claddings, normally occurs in contexts
with RH > 95% and temperature fluctuations from 0ºC to 45ºC. Timber claddings with high
exposure to damp reach the end of their service life sooner (with a probability of 95% of have
reached the end of its service life after 37.5 years - Table 3), than claddings with a low exposure,
which reach the end of their service life around two years later (39.4 years). In the sample
analysed, timber claddings with high exposure to damp have a higher incidence of rot and
xylophage attack.
Regarding the surfaces’ orientation, claddings facing North are more exposed to UV
radiation, suffering significant thermal gradients. On the other hand, timber claddings facing
South, in Chile, are more exposed to the presence of damp. Claddings facing East and West are
the most affected by wind-rain action in Valdivia. Table 3 shows that timber claddings facing
North reach the end of their service life sooner (with a probability higher than 95% of reaching
the end of their service life, after 37.2 years), followed by claddings facing South (38.4 years)
and by the claddings facing the remaining orientations (West - 39.4 years; East - 40.9 years)
(Table 3). The main anomalies detected in claddings facing North orientation were related with
wearing or detachment of the finishing layer, broken or splintered elements and detachment of
elements from substrate.
Table 3. Analysis of the probability of timber claddings reach the end of their service life, according to their
environmental exposure conditions.
Age where a
Age where a
Age where a
Age where a
timber cladding
timber cladding
timber cladding
timber cladding
achieves a
achieves a
achieves a
achieves a
Environmental exposure
probability of
probability of
probability of
probability of
conditions
75% of have
90% of have
95% of have
50% of have
reached the end
reached the end of
reached the end
reached the end
of its service life of its service life
its service life
of its service life
High
32.8
34.6
36.4
37.5
Exposure to
damp
Medium
34.7
36.4
38.2
39.4
N
32.6
34.3
36.1
37.2
S
33.7
35.5
37.2
38.4
Facades
orientation
W
34.4
36.5
38.3
39.4
E
36.2
38.0
39.7
40.9
33.2
35.3
37.4
38.8
Exposure to wind Unfavourable
and rain action
Current
34.5
36.6
38.7
40.1
< 5km
31.7
33.5
35.5
36.5
Distance from the
Pacific Ocean
> 5km
34.6
36.4
38.2
39.3

The level of exposure to the combined action of wind and rain is influenced by the façades
orientation, as well as by the height of the building, the presence of adjacent buildings or even
vegetation. In this study, façades with an unfavourable exposure to wind-rain action reach the
end of the service life sooner (with a probability higher than 95% of reaching the end of their
service life, after 38.8 years), when compared with façades with a current exposure (40.1 years).
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In the sample analysed, timber claddings with a high exposure to wind and rain are more prone
to present staining or colour change, cracking and presence of crumbling.
Finally, timber surfaces close to the Pacific Ocean (< 5 km) reached the end of their service
life sooner (with a probability higher than 95% of reaching the end of their service life, after
36.5 years) than cases located at more than 5 km from the Ocean coastline (39.3 years) (Table
3). Timber claddings closer to the seashore show a higher incidence of anomalies such as
cracking of elements and/or joints and wearing or detachment of the finishing layer.

5 Conclusions
In this study, a logistic regression analysis is used to evaluate the probability of timber claddings
to reach the end of their service life over time and according to the claddings’ environmental
exposure conditions (e.g. facades orientation, distance from the ocean, exposure to damp and
exposure to wind/rain action). According to the proposed model, the 150 timber claddings
analysed present a probability higher than 50% of reaching the end of their service life after 34
years, which is in accordance with the literature and the empirical knowledge related with the
degradation of these claddings. As expected, timber façades with unfavourable conditions
(closer to the Pacific Ocean, facing North (N) and South (S) orientations and with high exposure
to environmental agents, i.e. damp and wind-rain actions) are more prone to reach sooner the
end of their service life. In the sample analysed, the most common anomalies detected were
staining or colour change; wearing or detachment of the finishing layer; cracking of elements
and/or joint; warping, swelling or other flatness deficiencies; and broken or splintered elements.
This model allows predicting the end of service life of timber claddings, i.e. the instant after
which is necessary to intervene, in order to improve the claddings’ condition, ensuring that the
cladding is able to fulfil the users and owners’ demands and expectations, in a probabilistic way.
In this sense, the model allows knowing the risk associated with the service life values estimated
by the model, and the risk of failure of the timber claddings over time and according to the
environmental degradation agents that influence the degradation of the timber claddings under
analysis. The results obtained can be useful for a further knowledge of the durability and service
life of timber claddings and can be employed to aid the adoption of rational and adequate
maintenance policies. In fact, the analysis of the timber claddings’ degradation and service life
in South Chile (Los Rios region), allows establishing new and adapted strategies and
maintenance plans, to reduce the repair costs and to optimise the use of scarce resources, as
well as promoting new approaches to maintain cultural identities of the southern regions of
Chile, in which the wood is one of the main natural resources.
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Abstract. Inclined defects in pipelines can lead to failures in the form of mixed mode fracture. A review
of the literature suggests that few studies have been carried out on reliability assessment of pipelines
considering mixed mode fracture. This paper intends to present a reliability-based method for assessing
fracture failures of pressurized pipes with inclined defects. Richard’s criterion is employed in the
development of the limit state function for reliability assessment. A Stochastic model of load effects is
developed, and first passage method with a developed analytical solution is used to predict the pipe
failures. A worked example is provided to illustrate the application of the proposed method. The method
presented in this paper can help pipe engineers and asset managers to develop a reliability-based
maintenance strategy for better management of pipelines.
Keywords: Pressurized Pipes, Inclined Crack, Mixed Mode Fracture, Time-Dependent Reliability, First
Passage Probability.

1 Introduction
Pipelines are widely used as one of the safest and most economical structures to transport gas or
liquid (e.g., water; natural gas) in industries (Keshtegar and Miri, 2014). However, most of them
have been in service for a long time, and the exposure to the corrosive environment increases the
likelihood of failures before the end of the intended design life (Carbal and Kimber, 1997). The
consequences of pipeline failures can be economically, socially, and environmentally devastating
(Mahmoodian and Li, 2017). Therefore, it is essential to fully understand the failure mechanisms
of pipes and accurately predict its service life.
A literature review suggests that most of the previous researches on the pipe failure
assessment mainly considered the loss of strength due to the reduction of wall thicknesses of
pipes (e.g., Ahammed and Melchers, 1997; Mahmoodian and Li, 2017; Liu et al., 2019).
Nevertheless, it has been found that pipe failures are more likely to be fracture type due to the
stress concentration near the tips of crack-like defects (Li and Mahmoodian, 2013; Fu et al.,
2019). As the cracked structures often fail unexpectedly at the applied stress much below the
material strength (Anderson, 2005), it is necessary to assess the integrity of pipeline based on
fracture mechanics. Also, the defects on the pipe walls are often caused by corrosion, which can
grow in any directions depending on the heterogeneity of surrounding soil properties (Wang et
al., 2018; Wang et al., 2019). Moreover, the crack-like defects in pipes most likely grow in an
inclined manner because of the complex stress state (Li et al., 2016). As a result, in these pipes
(e.g., Figure 1), the failures can be induced by a mixed mode loading interaction. Some previous
researches (e.g., by Erdogan and Shih, 1968; Chang et al., 2006) indicated that the single mode
fracture failure criterion is seldom appropriate for assessing the integrity of structural
components with inclined cracks. Thus, a method based on mixed mode fracture criteria is more
appropriate to assess the fracture failures of pipes. To predict the pipe failures, time-dependent
reliability methods have been successfully used since the parameters associated with pipe
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failures are highly uncertain and changing with time (Fu et al., 2019). Although several
researchers, e.g., Li and Mahmoodian (2013); Fu et al., (2019); Wang et al., (2019), have
assessed the probability of pipe failures using time-dependent reliability methods for different
defect types (e.g., sharp corrosion pit; elliptical corrosion pit), these works only focuses on Mode
I (opening mode) fracture failure. The reliability assessment of pipelines with inclined defects
considering mixed mode fracture, in comparison, is highly limited.
This paper presents a time-dependent reliability method for pressurized pipe based on first
passage probability theory. The cast iron pipe with an external inclined crack-like defect is
considered in this paper. A stochastic model of the stress intensity factor is developed by
incorporating Richard’s criterion into the limit state function. A case study is presented to
illustrate the proposed method. The proposed method can be applied to the risk-based
maintenance strategy for pipelines.
2c

a

Outer surface of pipe

d

Corrosion induced crack

Inner surface of pipe
ɽ

Figure 1. A pressurized pipe with inclined external surface defects.

2 Problem Formulation
To determine the probability of failure of a pipe, a failure criterion must be established. In the
structural reliability theory, the criterion can be expressed in the form of a limit state function as
follows (Melchers, 1999):
ܮ(ܩ, ܴ,  )ݐ(ܮ = )ݐെ ܴ()ݐ

(1)

where  )ݐ(ܮis the load effect on the structures at time  )ݐ(ܴ ; ݐis the acceptable limit
(resistance) at time ݐ. As both load effect ( ))ݐ(ܮand acceptable limit (ܴ( ))ݐare time-dependent,
all or some of the basic variables should be modelled as stochastic processes. For reliability
problems involving the stochastic processes, the structural failure event is that the stochastic
processes of the load action process  )ݐ(ܮinitially pass upwards an acceptable limit (threshold)
ܴ( )ݐduring the service life. With the assumption of Poisson processes, the probability of failure
can be determined as follows (Melchers, 1999):


ܲ ( = )ݐ1 െ ൣ1 െ ܲ (0)൧݁ ି బ ௩ ௗ௧

(2)

where ܲ indicates the probability of an event; ܲ (0) is the probability of failure at time  = ݐ0
and  ݒis the mean rate for the load action process  )ݐ(ܮto cross upwards the threshold ܴ()ݐ. The
up-crossing rate  ݒcan be determined by the Rice formula (Rice, 1944)
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ஶ

ݒ = ݒோା = න ൫ܴሶ െ ܮሶ൯݂ሶ ൫ܮ, ܴሶ൯ ݀ܮሶ
ோሶ

(3)

where ݒோା is the up-crossing rate of the load action process  )ݐ(ܮrelative to the threshold ܴ(;)ݐ
ܴሶ is the slope of ܴ with respect to time; ܮሶ is the time derivative process of ݂ ;ܮሶ is the joint
probability density function for  ܮand ܮሶ. Li and Melchers (1993) derived an analytical solution to
Equation (3) when  )ݐ(ܮis a Gaussian process and the threshold R is deterministic. It is expressed
as follows:
ݒோା =

ߪሶ|
ܴሶ െ ߤሶ|
ܴሶ െ ߤሶ|
ܴሶ െ ߤሶ|
ܴ െ ߤ
߶൬
൰ ቊ߶ ቆ
ቇെ
ߔ ቆെ
ቇቋ
ߪ
ߪ
ߪሶ|
ߪሶ|
ߪሶ|

(4)

where ߤ and ߪ are the mean and standard deviation of random variables represented by
subscripts  ܮand ܮሶ; Ԣ|Ԣ denotes the condition; ߶ and Ȱ indicate the standard normal density and
distribution functions. For a given Gaussian stochastic process with mean function ߤ ( )ݐand
auto-covariance function ܥ (ݐ , ݐ ), all terms in Equation (4) can be determined as follows:
ߤሶ| = ܧൣܮሶหܴ = ܮ൧ = ߤሶ + ߩ

ߪሶ
(ܴ െ ߤ )
ߪ

ߪሶ| = [ߪ.ଶ (1 െ ߩଶ )]ଵ/ଶ
1

(5a)

(5b)
భ

where ߤܮሶ = ݀ߤ)ݐ( ܮΤ݀ܮߪ ;ݐሶ = ቂ߲2  ܮܮܥ൫ ݅ݐ,  ݆ݐ൯ൗ(߲) ݆ݐ߲ ݅ݐห݅=݆ ቃ ; ߩ = ܥሶ ൫ݐ , ݐ ൯ൗൣܥ ൫ݐ , ݐ ൯ ܥ ڄሶሶ ൫ݐ , ݐ ൯൧మ ; and
2

ܥሶ ൫ݐ , ݐ ൯ = ߲ܥ ൫ݐ , ݐ ൯ൗ߲ݐ .

For Equation (4) to be of practical use, the key is to establish an appropriate limit state
function for the mix mode fracture failure of pipes. Richard (2001) developed a fracture criterion
to simplify the prediction of crack growth under multiaxial loadings. According to Richard
(2001), unstable crack growth in brittle materials would occur if the local loading condition
along the crack front reaches a critical value, which described by the following expression
(Richard, 2001):
ܭ௩ =

ܭூ 1
+ ටܭூଶ + 4(ߙଵ ܭூூ )ଶ + 4(ߙଶ ܭூூூ )ଶ  ܭூ
2 2

(6)

where ܭ௩ is an equivalent stress intensity factor; ܭூ , ܭூூ , and ܭூூூ are the Mode I (opening
mode), Mode II (in-plane shear mode), and Mode III (out-of-plane shear mode) stress intensity
factors, respectively; ܭூ is the Mode I fracture toughness which quantifies the material
resistance to crack extension; ߙଵ = ܭூ Τܭூூ and ߙଶ = ܭூ Τܭூூூ with ܭூூ as the fracture
toughness for pure Mode II and ܭூூூ as the fracture toughness for pure Mode III. With ߙଵ =
1.155 and ߙଶ = 1.0, Equation (6) was found having an excellent agreement with other criteria
(e.g., developed by Schöllmann et al., 2002) and the experimental data in brittle materials
(Richard et al., 2014). Based on Richard’s criterion, Equation (1) can be expressed as:
= )ݐ(ܩ

)ݐ(ܭூ 1
+ ට)ݐ(ܭଶூ + 5.3361)ݐ(ܭூூ ଶ +4ܭூூூ ଶ െ )ݐ(ܭூ
2
2

(7)

The determination of stress intensity factors is presented in the next section.

3 Model of Load Effects
The stress intensity factor (K) represents the magnitude of the stress fields surrounding the tip of
crack or crack-like defect. Its magnitude depends on the far-field stUHVVOHYHOıWKHVL]HRIFUDFN
ܽ, and the geometries of the bodies. For a pipe with an external inclined defect as shown in
1935

Yanlin Wang, Weigang Wang, Wei Yang and Chun-Qing Li

Figure 1, the stress intensity factor  ܭcan be generalised as follows (Li et al., 2016):
ࡷ=

ܴ
ܽ
ܽ ܽ ݀
ඨߨ ࡲ ൬ , , , ߦ, ߠ൰
݀
ܳ ݀ ܿ ܴ

(8)

where ࡷ = {ܭூ , ܭூூ , ܭூூூ }் ;  is the internal pressure; ܴΤ݀ is the average hoop stress in
pipes; ߦ is used to define the position of an arbitrary point along the semi-elliptical crack; ߠ, ܿ, ݀,
and ܴ are defined in Figure 1; ܳ is the shape function which can be expressed as follows
(Shiratori and Miyoshi, 1986):
ܽ ଵ.ହ ܽ
ܳ = 1 + 1.464 ቀ ቁ
;
1
ܿ
ܿ

  ௗ

(9)

In Equation (8), ࡲ ቀ , , , ߦ, ߠቁ = {ܨூ , ܨூூ , ܨூூூ }் , where ܨூ , ܨூூ , and ܨூூூ are the influence
ௗ  ோ
coefficient functions for Mode I, II, and III, respectively. Li et al., (2016) have developed the
influence coefficients of stress intensity factors for inclined cracks in pipes under internal
pressure using three-dimensional finite element analysis. The approximations of the influence
coefficients can be expressed as follows:
ଵଶ
ܨூ = ܯூ ܰூ ݊݅ݏଶ (݄ଵଵ
ூ + ݄ூ ߠ)

଼
ଽ
ܨூூ = ܯூூ [݄ (ߦ) + ݄ (ߦ)ଷ ] ݄(݊݅ݏூூ
+ ݄ூூ
ߠ)
ܽ

(10a)
(10b)

ܨூூூ = ܯூூூ ܰூூூ ݄(݊݅ݏଵଵ
ூூூ ߠ)

(10c)

ܽ( ݐ݇ = )ݐ

(11)

ܮ = )ݐ(ܮ ( )ݐή ߦ

(12)

ߤ (ܮ = ])ݐ(ܮ[ܧ = )ݐ ( )ݐή ߦ[ܧ ] = ܮ ()ݐ

(13)

ܽ

2

ܽ

3

ܽ

4

଼
where ݄ = ݅ܯ1݅ + ݄2݅ ቀ ቁ + ݄3݅ ቀ ቁ + ݄4݅ ቀ ቁ + ݄5݅ ቀ ቁ ; ܰ = ݄ + ݄ (ߦ)ଶ + ଼݄ (ߦ)ସ + ݄ଽ (ߦ) + ݄ଵ
 (ߦ)
݀
݀
݀
݀
with the coefficients, ݄ (݊ = 1 െ 12) are given in Table 1.
The crack size ܽ can be represented by the corrosion pit depth. A widely accepted model for
corrosion pit depth is employed in this paper, which is expressed as follows (Kucera and
Mattsson, 1987):

where ݇ and ݊ are empirical coefficients to be determined from field data.
Apart from the growth of corrosion pit, the operating internal pressure and pipe wall thickness
also change with time. Therefore, it is justifiable to model the load effect  )ݐ(ܮas a stochastic
process. The randomness of the load effect can be taken into account by introducing a random
variable, ߦ . This variable is defined in such a way that its mean is unity, i.e., ߦ(ܧ ) = 1, and its
coefficient of variation, ߣ , is a constant (Mahmoodian and Li, 2017). The load effect can be
expressed as follows:
where ܮ ( )ݐis treated as a pure time function determined by the load effect function. The
mean and auto-covariance functions of  )ݐ(ܮcan be expressed as follows (Li and Melchers,
2005):
ܥ ൫ݐ , ݐ ൯ = ߣଶ ߩ ܮ (ݐ )ܮ ൫ݐ ൯

(14)

where ߩ is the auto-correlation coefficient for  )ݐ(ܮbetween two points in time ݐ and ݐ .
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Table 1. Values of ݄ in Equation (10) with ݀ Τܴ = 0.1 and ܽΤܿ = 0.4 (Li et al., 2016).
Constant
hଵ୧
hଶ୧
hଷ୧
hସ୧
hହ୧
h୧
h୧
h଼୧
hଽ୧
hଵ
୧
hଵଵ
୧
hଵଶ
୧

ܑ=۷
0.957
0.504
0.256
0.155
0.088
0.983
-0.059
-0.044
0.023
-0.166
1.589
0.994

ܑ = ۷۷
-0.427
-0.123
0.114
-0.019
-0.346
0.454
0.186
3.142
-2.001

ܑ = ۷۷۷
0.742
0.076
-0.070
0.073
0.309
0.618
-0.101
-0.604
1.279
-1.016
1.997

4 Worked Example
The proposed methodology is applied to a case study in which a cast iron pipe with inclined
corrosion pits is considered. To calculate the stress intensity factors, the influence coefficient
functions for Mode I, II, and III are determined by means of the constants in Table 1 and the
assumption of aspect ratio ܽΤܿ = 0.4. According to Li et al., (2016), for ܽΤܿ = 0.4, the critical
stress intensity factor occurs at the deepest points along the crack front. The crack front
normalized coordinate ߦ is assumed to be 0.1. The pipe characteristics and the geometric
information of corrosion pit are summarised in Table 2.
Table 2. Values of variables for reliability analysis in the worked example.

Basic variables
k
n
R
d
P
KIc

Mean
2.540
0.320
127 mm
16 mm
0.45 MPa
7.66 MPa/m0.5

C.O.V
0.197
0.188
0.27
-

Reference
Mahmoodian and Li (2016)
Mahmoodian and Li (2016)
Li and Mahmoodian (2013)
Li and Mahmoodian (2013)
Sadiq et al., (2004)
Marshall (2010)

The load effect is calculated by Equation (8), (9) and (10). The mean of function ߤ and
standard deviation ߪ can be calculated as a function of time using Monte Carlo simulation
together with the proposed model of pit depth. The up-crossing rate ݒோା can be obtained from
Equation (5) for a given auto-correlation coefficient, and the probability of failure can be
calculated by Equation (2).
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(a)

(b)

Figure 2. Probability of pipe failure: (a) for different inclination angles with 99 = 0.5; (b) for different autocorrelation coefficients with PP = 30°.

The calculation results of the probability of failure with different inclination angles and autocorrelation coefficients are shown in Figure 2. The probability of pipe failure increases with the
exposure time due to the growth of pit depth. Also, it can be seen that the probability of failure
decreases with the increase of the inclination angles since the equivalent stress intensity factor 66((
in Equation (6) drops markedly with the increase of angles BB. Moreover, the auto-correlation
coefficients affect the pipe fracture failure significantly since the fracture failure of pipes
depends on many factors. These factors, such as pipe geometries, internal pressure, and corrosion
pit depth, are interrelated at different time points in service life. As a result, the load effect is
correlated in the time domain. The considerable difference in the probability of failure under
different OO justifies the necessity of using a time-dependent reliability method based on the
concept of first passage probability theory.

5 Conclusion

In this study, the time-dependent failure probability of pipes with inclined crack-like defects was
calculated, in which a mixed mode fracture criterion was used to establish the limit state
function. First passage probability theory was employed to predict the pipe failures. A case study
was provided to illustrate the proposed method. From the results of the case study, it has been
found that the stress intensity factors increase rapidly with the increase of corrosion pits depth,
and the probability of pipe failure increases for longer service time. Moreover, the probability of
failure is highly sensitive to both the auto-correlation coefficients and inclination angles. The
smaller the inclination angle is, the higher the probability of failure. As such, for engineering
assessment of pipes with inclined defects, more attention should be paid to the defects with
smaller inclination angles. The proposed method can be applied to the development of
rehabilitation strategies for existing pipe networks.
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Abstract. This study examines, through experiments, two reinforced concrete girders obtained from a
residential building constructed in 1961. The average concrete strength obtained from the material tests
was approximately consistent with the specified strength. Honeycombs were observed in girders; hence,
one of the girders was repaired using an epoxy resin injection to investigate the effect of retrofitting.
The original and retrofitted girders were subjected to reverse loadings with displacement control and
had a sectional area of 250 mm × 800 mm, according to the structural draft. Both girders were designed
to exhibit a common shear span length of 1,200 mm to evaluate the validity of the current equations for
shear capacity in seismic evaluation, as recommended in the criteria for seismic assessment in Japan.
Using these equations, the ratio of the shear strength to flexural strength of the test girders was found
to be 1.67. No significant difference was observed in the crack patterns of both girders. Their maximum
strength reached the calculated flexural strengths; however, the shear cracks apparently progressed
with the increase in drift angle. The hysteresis loops were slip-type because of the bond slippage of the
main bars. The final failure mechanism was shear failure mode. The equation for flexural strength
predicted the observed value of the original girder; the maximum strength of the retrofitted girder was
approximately 1.1 times that of the original. Consequently, the epoxy resin injection recovered the
seismic performance of the girders in this building.
Keywords: Reinforced Concrete Girder, Existing Building, Seismic Performance, Shear Capacity,
Retrofitting.

1 Introduction
The seismic performance of existing buildings in Japan is typically evaluated based on their
structural drawings in accordance with the standards established in the Japanese Building
Disaster Prevention Association’s (JBDPA) 2001 guidelines. However, the actual components
of the existing buildings frequently differ from their structural drawings; this complicates the
accurate evaluation of their seismic performance. The equations recommended in the seismic
evaluation were empirically derived using small scaled test specimens manufactured in the
laboratory. In the field of building engineering, few experimental tests have been conducted on
the actual reinforced concrete (RC) members of buildings constructed decades ago; however,
full-scale loading tests were conducted on existing buildings by Osawa et al. (1968) and
Matsushima (1970). Therefore, the research by Aoyama et al. (1983) and Araki et al. (2013,
2017) on the seismic performance of RC members obtained from old buildings is extremely
valuable. In this study, the mechanical properties of concrete and the seismic performance of
actual RC girders were investigated through experimental evaluations.

doi:10.23967/dbmc.2020.123
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(a)
(b)
(c)
Figure 1. Existing building (a) comprehensive view of the test building; (b) concrete core boring;
(c) cutting girder with a wire saw.

2 Existing Building
The building under investigation is a five-story RC building; it was constructed in 1961 and
was used for residual purposes. Fig. 1(a) shows an image of the building. Its standard plan is
star shaped, which was very popular in Japan between 1956 and 1964. The design of this
building was based on the old structural code established by the Architectural Institute of Japan
(AIJ) in 1958; the building’s poor seismic performance could be attributed to a low amount of
shear reinforcement. To estimate the mechanical properties of concrete, concrete cylinders were
obtained from the first, the fourth, and the fifth stories by concrete core cutter when the building
was demolished in 2017 as shown in Fig. 1(b). Additionally, two girders were obtained from
the roof floor without any damage using a wire saw as shown in Fig.1(c).

3 Experimental Procedure
The material tests were performed using concrete cores and steel bars and seismic tests for the
girders were performed to check the validity of the present equations used in the standard.
3.1 Materials
The mechanical properties of the concrete in existing RC buildings are directly related to the
seismic performance of the structures and are important for seismic evaluations. Therefore,
compressive and splitting tensile tests were performed. Table 1 summarizes the mechanical
properties of concrete. The average concrete strengths of the roof floor were 19.2 N/mm2. The
concrete’s strength in the building was distributed over a wide range from 14.3 N/mm2 to
28.4N/mm2. Although the average compressive strength exceeded the specified concrete
strength, the COV of the compressive strength (0.263) exceeded the applicable upper limit of
0.25 for the seismic evaluation of existing buildings, as shown in a previous study by Sezen et
al. (2011). The tensile splitting strengths were distributed over a range: from 1.13 N/mm2 to
2.85 N/mm2. The average yield strength of the main bars 19 and the stirrups 9 obtained by
the tensile tests were 325 N/mm2 and 292 N/mm2, respectively.
Table 1. Mechanical properties of concrete.

Floor
Compressive strength
level
[N/mm2]
5F
19.2 (0.263)
(COV): Coefficient of variation
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Modulus of elasticity
[kN/mm2]
17.9 (0.238)

Tensile strength
[N/mm2]
1.72 (0.305)
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3.2 Test Girders
The sectional area of the girders in the structural drawing was 250 mm × 800 mm. The obtained
girders were designed with shear span lengths of 1,200 mm, to investigate the validity of the
shear capacity equation currently used for seismic evaluation. The original test girders were
termed SG-1 and SG-2, respectively. The structural drawing indicated that the main and shear
reinforcements were plain round bars (22φ and 9φ, respectively). Table 2 presents the details
of the original test girders. Their flexural Qmu and shear strengths Qsu were calculated using Eqs.
(1) and (2), respectively, which are provided in the JDBPA standard (2001). The failure modes
of the members are very important factors for the seismic performance of existing buildings;
therefore, valuating the strength of the RC members is necessary.
M u 0.9at   y  d
Qmu 

2M u

(1)

L

where Mu is the yield flexural moment [N·mm], at is the area of main reinforcement in
tension [mm2], σy is the yield strength of main reinforcement [N/mm2], d is the effective depth
[mm], Qmu is the strength at the flexural failure [N], and L is the length of shear span [mm].
 0.053 pt0.23 18  Fc 


 0.85 pw   wy  0.1 0  b  j
Qsu 
 M Q  d   0.12


(2)

where Qsu is the strength at the shear failure [N], pt is the tensile reinforcement ratio [%], Fc
is the compressive strength of the concrete [N/mm2], M/Qd is the shear span ratio, pw is the
shear reinforcement ratio, σwy is the yield strength of the stirrup [N/mm2], and j is the distance
between the resultant internal forces (7/8d) [mm]. Eq. (2) denotes the minimum shear strength
as empirically proposed by Arakawa (1960), which is most commonly used in Japan. M/Qd =
1 was assumed in the equation following the RC standard when M/Qd was less than 1. The
yield strength of reinforcements (SR24) was assumed to be 294 N/mm2. This strength is
recommended in the standard (JDBPA, 2001), because tensile tests for the reinforcing bars were
not required in the seismic evaluation. The estimated concrete strength of 16.7 N/mm2 was
obtained by subtracting half the standard deviation of the concrete strength from the average
value in accordance with the standard (JDBPA, 2001). Using Eqs. (1) and (2), the ratio of Qsu
314 kN to Qmu 186 kN of the original test girder was 1.66. RC stubs were manufactured at both
ends of each girder to enable fixing to the testing machine. Steel plates (t = 10) mm were welded
at both ends of the main reinforcements for anchorage before casting concrete for the stubs.
Shear connectors of 24-D16 were installed to the girder sides with epoxy mortar to ensure that
the original girder was connected to the stub concrete. Fig. 2 presents the details of the test
girder.
Table 2. Details of the test girders.

Test
Concrete
Section
Shear span
Main bar
Stirrup
Girder
(N/mm2)
[mm]
[mm]
[SR24]
[SR24]
SG-1
2-19
2-9@250
16.67
250 × 800
1200
SG-2
Pg = 0.61%
Pw = 0.20%
2
Specified concrete strength in the structural draft Fc: 17.6 [N/mm ] （180kg/cm2）
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3.3 Loading and Measurement of Girders
The test setup was designed to subject the test girders to shear – force reversals. The top stub
was fixed to an L-shaped steel beam, while the bottom stub was fixed to the reaction floor with
high-tension bolts. Shear force was applied using a horizontal jack under displacement control.
One cycle was attempted per peak displacement level with drift angle R = 1/800, 1/400, 1/200,
1/133, 1/100 rad for both the girders. A pantograph system was used to ensure that the top and
bottom stubs remained parallel during the reverse loadings. Fig. 3 shows the test setup. The
shear displacement between the top and bottom stubs was measured using a linear viable
differential transducer (LVDT). To measure the local displacements of the test girders, 17
LVDTs were mounted on one side of the test girder. Finally, the lateral load was measured
using a load cell.
Shear Connector6-D16

Stub to Reaction Beam
350

Stub to Reaction Floor

Main Bar 2-19φ

800

Existing Girder
2-9φ

350

Stirrup 2-9φ@250
Welded Anchor Plate t=10
600

1200
2400

600

400

Stirrup 90 degree hock

Unit: mm

Figure 2. Dtails of the test girder.

Figure 3. Test setup.

3.4 Retrofitting
Epoxy resin was injected into one of the original girders before loading to investigate the
retrofitting effect. The injected epoxy resin filled the vacant space in the concrete and bonded
the concrete and the reinforcing bars together. The epoxy resin injection alone may improve the
seismic performance of moderately damaged buildings, although epoxy resin injection is
usually associated with wrapping steel plates or CFRP sheets. In contrast to the conventional

(a)
(b)
(c)
Figure 4. Retrofitting process of test girder SG-2: (a) perforation; (b) sealing and attachments for capsules;
(c) epoxy resin injection with capsules.
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method in which epoxy resin injected at the concrete surface of the members, epoxy resin was
injected with spring capsules at the position of the reinforcing bar or at the distance of 50 mm
from the concrete’s surface. The epoxy resin was also injected at the location of deficiencies as
honeycombs. Fig. 4 presents the retrofitting process. The total amounts of epoxy resin injected
into the original test girder SG-2 was 5.73 kg.

4 Experimental Results
4.1 Crack Patterns
The figures below show the location the slabs on the right side of the girders. Slight flexural
cracks developed in the ends of both girders during the positive loading of the first cycle at drift
angle R = 1/800 rad. The shear cracks started to occur around the small openings; then, the
shear cracks appeared throughout the entire girders under increasing controlled displacement
until drift angle R = 1/50 rad. The specific width of the shear cracks increased, whereas the
flexural cracks did not progress. Shear cracks of 45 degrees were observed at both ends of the
test girder SG-1, and diagonal shear cracks were observed in the retrofitted test girder SG-2.
The final collapse mechanisms were the shear failure type. Fig. 5 (a) and (b) illustrate the crack
patterns of the test girders at the final stage at drift angle R = 1/30 rad.

(a) SG-1

(b) SG-2

Figure 5. Crack patterns at final stages.

4.2 Shear Force and Drift Angle Response
Fig. 6 depicts the relationships of the shear force Q with drift angle R in both the test girders.
The calculated flexural and shear strengths of the original girders were 186 kN and 314 kN,
based on the standard. The stiffness degradations for both the test girders were observed at the
first loading cycle. In both girders, the peaks of the shear forces were measured at drift angle R
= 1/200 rad. The maximum shear forces exceeded the calculated flexural strength and did not
reach the calculated shear strength. Although the shear cracks progressed, the apparent strength
degradations were not observed. Therefore, the main bars were estimated to be yielding. In
contract, the hysteresis loops were of a slip - type from the initial stage. The bond slippage of
the main bars from the concrete may have occurred because the reinforcement was a plain round
bar, and the concrete strength was low. No significant degradation of the shear force Q was
observed until drift angle R = 1/50 rad. The maximum strength of the retrofitted girder (297
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Figure 6. Shear force and drift angle response.
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kN) slightly increased in comparison with those of the original test girder (277 kN). Those
values were much greater than the flexural strength calculated with Eq. (1) using the
recommended material strength based on the standard (JBDPA, 2001).

5 Discussions
5.1 Strength
5.1.1 Shear cracks strength
Investigating the shear crack strength is important for guaranteeing serviceability under a longterm load. The following two equations for the shear crack strength are commonly used in Japan.
Eq. (5) is theoretically derived from the principal stress theory, and Arakawa (1960) empirically
derived Eq. (6) from the broad experimental data on RC members. The tensile stress T was
recommended by Collins et al. (1991).
b D
b D

Vc 
0.33  B
T



(5)



 0.085kc  50   B  

Qsc 
b  j
 M  Q  d   1.7 

(6)

where σT is the tensile stress [N/mm2], (= 1.5) is the shape factor of the section in Eq. (5),
and kc (= 0.72) is the scale factor in Eq. (6). For the concrete strength B of the test girders, an
average concrete strength of 19.2 N/mm2 was used. The comparisons of the observed and
calculated strengths of the shear cracks are shown in the first half of Table 3. The shear crack
strength as calculated by Eq. (5) was underestimated, while that calculated by Eq. (6) was
overestimated.
5.1.2 Maximum strength
The validity of the present equation for the shear strength was compared with that of the
observed maximum strength. The flexural strength was calculated using Eq. (1). The yield
strength of the reinforcement in the equation was obtained through tensile tests. The test pieces
for the tensile test were taken out from the test girders after loading. Bar arrangements in the
girders were inspected by removing the concrete cover after the loadings. The stirrups (9
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0.23
 0.068 pt 18  Fc 


 0.85 pw   wy  b  j
Qsu 
 M  Q  d   0.12


(7)

were arranged with a 300 mm - 600 mm space, unlike the structural draft, and a 600 mm
space was used in the calculation. The empirical equation for the shear strength was used in this
study. Eq. (7) expresses the mean values of the test results taken from previous studies on RC
members. This equation was also proposed by Arakawa (1960) and was used for the direct
comparison of the observed maximum strength in shear failure. The observed and calculated
values for maximum strength are summarized later in Table 3. The predicted maximum
strengths, as calculated by Eq. (1), were consistent with the observed values of the original
girders. The maximum strengths of the girders were 277 kN and 297 kN, respectively. Those
maximum values were 7% and 15% greater than the flexural strengths calculated by Eq. (1).
However, the researchers noted that the crack patterns of both girders through the loadings were
mainly shear failure modes.
5.2 Effect of Retrofitting
The maximum strength of the retrofitted girder was 1.07 times that of the original girder,
although the girders before repair contained some honeycombs. Researchers estimated that the
epoxy resin injected into the honeycombs or around the main bars protected the progress of the
flexural failure or the bond slippage. Fig.7 shows the comparisons between the observed
envelope curves of the shear force responses and the shear strength calculated by Eqs. (1) and
(7).
Table 3. Lists of strength.

Cracking strength [kN]
Test
Girder
Obs.
Eq.(5)Vc
Eq.(6) Qsc
SG-1
198
193 (1.03) 257 (0.77)
SG-2
209
193 (1.08) 257 (0.81)
* ( ): Observed/Calculated

Shear foece

Q(kN)

400

Maximum strength [kN]
Obs.
Eq.(7) Qsu Eq.(1) Qmu
277
360 (0.77) 259 (1.07)
297
360 (0.83) 259 (1.15)

SG-1
SG-2

200
0
Shear
(360kN)
Flexural
(259kN)

-200
-400
-4

-3

-2

-1

Drift angle

0

1

2

R(×10－2rad.)

3

4

Figure 7. Envelopes of shear force and drift angle response.
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6

Conclusions
The following conclusions are drawn from the results of the experimental investigation on
actual RC girders obtained from an existing building constructed in 1961:
- Material tests revealed that eight concrete cylinders obtained from each floor of the
building exhibited average compressive strengths of 19.2 N/mm2 and an average tensile
splitting strength of 1.72 N/mm2.
- The failure modes of the girders could be appropriately predicted through the method
recommended in the standard. However, the phase of the bond slippage was observed
in the hysteresis loops because of the plain round bars.
- The predicted flexural strengths were consistent with the observed maximum values.
- Epoxy resin injection improved the seismic performance of the RC girders.
- The researchers noted that the crack patterns of both the girders through the loadings
were mainly shear failure modes.
Further experimental investigation with actual RC members from the building is required
to evaluate the validity of the current equations and the quantitative effect of epoxy resin.
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