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Abstract. In an effort to reduce seismic risks, the Geological Survey of Canada has recently
taken important steps by initiating a project on quantitative assessment of earthquake related
risks. One of the objectives of this project is to study the seismic vulnerability of historic stone
masonry buildings generally known for their poor performance during strong ground motion.
This paper focuses on the development of analytical displacement-based fragility curves re-
flecting the characteristics of existing stone masonry buildings in Canada. The fragility anal-
ysis provides the necessary link between the building damage and earthquake intensity in a
probabilistic setting, where the extent of building damage is best correlated to the amount of
induced building displacement. The old historic center of Quebec City was selected as a typi-
cal study area due to the concentration of stone masonry buildings, which combined to the
high heritage value increases the potential consequences of failure. Comparison was made
with similar fragility curves implicit in Hazus-MH and ELER seismic risk assessment tools.
Differences have been observed between the three sets of fragility curves which may lead to
significantly disparate damage estimates. This comparison shows the importance of the de-
velopment of fragility curves specific to the generic construction characteristics in the study
area and emphasizes the need of critical use of existing risk assessment tools and generated
results.
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1 INTRODUCTION

Majority of existing historic buildings in old urban centers in Eastern Canada are stone ma-
sonry structures and represent un-measurable architectural and cultural heritage. Historic
stone masonry buildings were built to resist gravity loads only and generally offer poor resis-
tance to lateral seismic loads. Damage occurred to stone masonry buildings from past earth-
quakes is attributed to inadequate structural integrity due to the lack of connection between
stone masonry structural walls and wooden floors and roofs; and to ensuing inadequate struc-
tural resistance, which results into typical shear cracking and disintegration of stone walls and
partial or total collapse of buildings [1].

The high seismic risks related to stone masonry buildings are even more increased due to
their location in densely populated urban centers in a way that the consequences of failure of
these structures tend to be severe with regards to human casualties, heritage damage and eco-
nomic losses [2]. Seismic risk assessment of historic stone masonry buildings is therefore the
first necessary step in providing mitigation plans for seismic retrofit and preservation.

In an effort to reduce seismic risks, the Geological Survey of Canada has recently taken
important steps by initiating a project on quantitative assessment of earthquake related risks.
One of the objectives of this project is to study the seismic vulnerability of historic stone ma-
sonry buildings. The old historic center of Quebec City was selected as a typical study area.

Seismic risk is often considered as the convolution of seismic hazard (expected ground
motion at given location), exposure (demographics, buildings, essential facilities, utilities,
etc.), and vulnerability (response of structures to earthquake impacts, generally defined by
expected degree of damage under different levels of seismic loading). These three compo-
nents are integrated to determine direct and indirect physical damage and losses. Fragility
analysis is the key component in performance based seismic risk assessment. It provides the
link between the two other components of the seismic risk assessment process, inventory and
seismic hazard.

The most widely used risk assessment tool in North America, Hazus-MH [3], seems to not
adequately represent the response of stone masonry structures to earthquake loading. It con-
siders only one structural class for unreinforced masonry buildings, URM, mainly covering
brittle brick masonry structures. The European ELER tool [4] recognizes explicitly the stone
masonry as a specific structural type among the unreinforced masonry typology. URM build-
ing typologies in ELER tool cover a wide range of masonry construction encountered in Eu-
rope, such as rubble stone, adobe, simple stone, massive stone, brick masonry with wooden
floors and brick masonry with reinforced concrete floors.

The objective of this paper is to introduce a procedure for the development of displace-
ment based fragility curves for typical stone masonry buildings in Old Quebec City and to
present the generated results. It was first necessary to make an inventory of the existing ma-
sonry buildings and to include their special structural and material characteristics. At the end,
a comparison is made with fragility curves implicit in Hazus and ELER seismic risk assess-
ment tools in order to assess differences and the potential disparities they may exert on dam-
age probability estimates.

2 ANALYTICAL FRAGILITY ANALYSIS FRAMEWORK

Fragility refers to the probability of reaching or exceeding a given damage state defined as
a function of earthquake loading. The output of the fragility analysis is a set of fragility curves
describing different damage or limit states. Fragility curves can be obtained from empirical,
judgmental, analytical, and hybrid approaches [5]. All these methods contain epistemic and
aleatory uncertainties in the assessment procedures and use data including: measurement un-
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certainty related to observations of damage, inconsistency in the quality of available databases
and related analyses, variability in the ground motions, uncertainty in experts judgment, sta-
tistical uncertainty inherent in the parameter estimates, uncertainty due to simplification of
strength and stiffness models of structural materials and components, uncertainties in seismic
demand and capacity of structures due to variations of their geometry and material properties,
uncertainty in the definition of the damage limit states, etc.

Because of the scarcity of observational damage data in regions of moderate seismicity
such as Quebec City and the subjectivity of judgmental damage data, modern risk assessment
methodologies adopt analytical development of fragility curves. Analytical methods rely on
structural modeling and analytical evaluation of the likelihood for a given building to expe-
rience damage by earthquakes of a given intensity and distance, as well as on consideration of
related uncertainties.

The derivation process of analytical fragility curves for a particular building or building
typology comprises several components: (1) buildings Inventory, (2) damage/limit state mod-
el, (3) building capacity model, (4) seismic hazard, (5) seismic demand model, and (6) fragili-
ty generation (Figure 1).

Seismic
Inventory hazard
analysis
. Seismic
Capacity » Demand
model model
Damage - Fragility
limit state » Curves
model generation

Figure 1: Derivation process of analytical fragility curves.

Fragility curves are given in the form of lognormal fragility distribution that relates the
probability of being in or exceeding a given damage state for a given intensity measure (e.g.,
spectral inelastic displacement demand). The conditional probability of being in or exceeding
a particular damage state, DS given the spectral displacement S is defined by the function:

P[DS | Sd] ZCD{LIH[_S" H
Bos Sd,ps

Bos =JCONV (B, B ) + B

(M

where: Sqps is median value of the spectral displacement at which the building reaches
the threshold of damage state DS, [ is standard deviation of the natural logarithm of spec-
tral displacement for damage state DS, and @ is standard normal cumulative distribution
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function. S, describes the total variability of a fragility curve damage state. Three primary

sources contribute to the total variability of any given damage state, namely, the variability in
the capacity model £, the variability in the demand model A, , and the variability in the

threshold of a damage state from the damage model f; . Since the seismic demand is depen-

dent on the building capacity, a convolution process is required to combine their respective
variability [6]. In the case the variability in the seismic demand, /f,, is already modeled in the

Probabilistic Seismic Hazard Analysis (PSHA) process, it should be removed from S, as
follows [5],
Bos =B+ 5 )

3 INVENTORY OF STONE MASONRY BUILDINGS IN OLD QUEBEC CITY

A detailed inventory has been carried out to characterize the historic stone masonry build-
ings in Old Quebec City. Besides the field survey, the inventory consisted of review of archi-
tectural reports and dissertations, historic documents [7], and archives of the Biliotheque et
Archives Nationales du Québec (www.bang.qgc.ca).

Figure 2 shows the three most frequent types of stone masonry buildings, selected among
the typologies reported by Valliéres [7] and retained as representative structural types for the
study area. These building types were constructed during the 18th and mid-19th century. The
massive fagade walls are relatively thick, ranging from 40 to 60 cm, and have regular window
and door openings on both sides of the building. The typical story height ranges from 2.75m
to 3.35m. Lateral fire walls are of the same thickness as the facade walls. The typical floor is
made of wood resting on the fagade walls. The massive fagade and fire walls provide the
buildings’ lateral resistance in both directions.

Figure 2: Main stone masonry building typologies in Old Quebec City [7].
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4 DISPLACEMENT-BASED DAMAGE MODEL AND FRAGILITY CURVES

The good correlation between the earthquake induced displacement and the extent of
structural damage lead to the development of modern performance-based seismic assessment
procedures which are based on the evaluation of the structure-specific deformation capacity
and earthquake-induced displacement demand.

Recently, simplified displacement-based procedures were proposed for the risk assess-
ment of masonry structures [8] and [9]. The procedure proposed in [9] is adopted in this study.
It assumes modeling of the masonry structures by an equivalent single degree of freedom sys-
tem with effective global parameters (ESDOF). The structural damage state threshold at the
effective height of the ESDOF is obtained according to the assumed deformed shape of the
structure. A linear shape is assumed for elastic behavior and a soft story deformed shape is
assumed for inelastic behavior which is the most common failure mechanism of masonry
structures under earthquake loading (Figure 3.a). Damage state drift thresholds for masonry
walls are identified from experiments on masonry wall elements.

The displacement at the threshold of each damage state at the effective height of the
ESDOF A, , equivalent to the spectral displacement, and can be evaluated as:

Apsi = Ops 1 K H +(Gpg —Ops,)K, 0 3)

where: H is total height of the building, h, is height of the first story walls, 6,,is drift
threshold for the first story walls at the elastic limit, &, is the drift threshold for the first sto-
ry walls at higher damage states, K, is the effective height coefficient to convert the multi de-
gree of freedom system into ESDOF, Kk, is the effective height of the first story walls going
into the inelastic range when openings are present, K, =1.0 when there are no openings.

For a regular distribution of masses and a uniform story height, k,is equal to 0.667. When

the mass distribution is not regular, what is common in the case of unreinforced stone maso-
nry, the buildings are better represented by a distributed mass corresponding to the mass of
the masonry walls plus lumped masses corresponding to the mass at each floor. In this case,
k,and k, have to consider the different mass distributions. The computation of these two fac-

tors is explained in details by [9] and the proposed values are given in Table 1.

Damage states drift thresholds are identified on the envelope curve of stone masonry
walls as shown in Figure 3.b [10] and [11]. The lateral response of stone masonry walls is
strongly nonlinear. As the displacement due to cracking increases, the walls experience both
strength and stiffness degradation. The thresholds on the horizontal axis correspond to flexur-
al cracking (6, ), shear cracking (6., ), maximum shear strength (6., ), and ultimate de-

formation at 20% loss of strength (6, ). They are considered as respective thresholds for the

slight damage state, moderate damage state, extensive damage state, and complete damage
state.
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Figure 3: Simplified model for damage limit states (a), and identification of drift limits for masonry walls (b).

Number of stories K, k,
1 0.79 0.96
2 0.72 0.95
3 0.69 0.92

Table 1: Values of effective height coefficients of the ESDOF for different number of stories [9].

In the context of this study there are no laboratory test results on stone masonry walls repre-
sentative for URM in the Old Quebec City, therefore damage states drift thresholds were de-
rived from typical literature data on stone masonry wall elements [11];[12];[13]. A Matlab
code [14] was used to obtain an empirical cumulative distribution (CDF) of each damage state
drift threshold from collected data. The lognormal cumulative distribution was employed to
fit the empirical distribution. This parametric probability distribution has the advantage of be-
ing fully defined by two statistical parameters that incorporate the central tendency (median)
and dispersion (lognormal standard deviation) of the data (Figure 4.a). These values were im-
plemented in Equation 3 as lognormal distributed random variables. The story height value
was assumed deterministic as the median height from the inventory (h, = 3.0m). The respec-

tive displacement threshold resulting data were then fitted with lognormal distributions which
represent the displacement threshold fragility curves of the ESDOF (Figure 4.b).
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Figure 4: Drift threshold variability (a), and Displacement-based damage threshold fragility curves for two-story
stone masonry buildings (b).
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Figure 5 illustrates the developed fragility curves for two-story stone masonry buildings.
For comparative purposes, the fragility curves for the Hazus pre-code unreinforced masonry
buildings (URM) and ELER simple stone low-rise buildings are also presented. For the mod-
erate damage state (DS2), the median displacement threshold S s> developed in this study is
0.7 and 3.3 fold of those implicit in Hazus and ELER, respectively. For the complete damage
state (DS4), Sa.ps4 developed in this study is 0.3 and 2.4 fold of those implicit in Hazus and
ELER, respectively. The lognormal standard deviation of the moderate and complete damage
state threshold are f; ¢, = 0.38and f3; s, =0.50 , respectively. This is in fair agreement with

the assumed standard deviation in both Hazus and ELER for all damage states, £ ,; =0.4.

This variability can be reduced by conducting laboratory tests on typical stone masonry walls

found in Old Quebec City.

One can argue that these curves can not be directly compared because of the different as-
sumptions, information and tools used in the development process. The objective of Figure 5
is rather to show the importance for the development of specific fragility curves that reflect
the generic construction characteristics for the considered study area.
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Figure 5: Comparison of fragility curves of Quebec, Hazus and ELER for (a) moderate damage state and (b)
complete damage state.

5 CAPACITY MODEL

The three main typologies of existing stone masonry buildings typologies (Figure 2) were
used to develop the capacity model. The variation in capacity of stone masonry buildings is
relatively high since small modification in geometry or in material properties may result in
different seismic resistance. Quebec City stone masonry buildings are mainly constructed
from limestone and sometimes sandstone with lime mortar. However, no specific information
on material mechanical properties was available. These properties were therefore obtained
from the literature data [15], and may introduce significant variability in the developed capac-
ity models.

In order to develop a representative capacity model for a building typology, a simplified
mechanical model was used with some modifications [16]. The elastic deformation of the
building is approximated by a linear shape up to the point where the shear capacity of the wall
is reached, whereas the inelastic deformation is assumed perfectly plastic and concentrated at
the first story, which is the typical damage observed in past earthquakes. The effective stiff-
ness of the linear elastic part can be determined using secant stiffness at the capacity, Vy, and
is selected such that the bilinear curve is equivalent to the experimental curve using the Ener-
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gy equivalence criteria [17]. The base shear strength of the building in one direction is as-
sumed to equal the sum of the shear strengths of the first story walls in that direction (Figure
6). Two simple criteria were used to evaluate the strength of the first story walls based on the
expected failure mechanism: flexural rocking failure and diagonal cracking failure [17]. Ex-
ample of the variability in capacity curves due to material uncertainty is shown in Figure 7
which presents five capacity curves corresponding to different masonry strength. More details
about the development of capacity curves for the selected typologies can be found in [18].

Y
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X in X direction V, shear force [kN]
Vhbase shear Capacity curve for all walls

/ /
‘ Ac_/Ain /
H l:l l:l / // vV y Capacity curve for a single wall

;o i
\7 / /// Ts
Oy Bu Top displacement [m]

Figure 6: Simplified mechanical model for capacity curve evaluation of stone masonry buildings.
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Figure 7: Variability in capacity curves for a Quebec City stone masonry typology and comparison with Hazus
and ELER tools respective median capacity curves.

The fitted lognormal distributions for the capacity model parameters, the fundamental pe-
riod of vibration and the yield acceleration, are shown in Figure 8. The median fundamental
period of vibration for 1 to 2 story buildings considered in this study is 0.18sec, with a log-
normal standard deviation of 0.34. This value is in agreement with the ELER value (0.19sec),
however, it is stiffer than the respective median value implicit in Hazus (0.35sec). The median
yield acceleration is 0.30g with 0.26 lognormal standard deviation, which is slightly higher
than the corresponding median values implicit in ELER (0.24g) and in Hazus (0.2g) both cha-
racterized with lognormal standard deviations of 0.3.
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Figure 8: Statistics of the capacity model: fundamental period variation (a) and yield acceleration variation (b).

6 FRAGILITY BASED SEISMIC DAMAGE ASSESSMENT

The displacement based fragility curves with combined variability in capacity and dam-
age state threshold, equation 2, were used for determining the damage state probabilities of
two-story stone masonry buildings in Old Quebec City at a specific earthquake median uni-
form hazard levels with 2% probability of exceedance in 50 years obtained from PSHA [19].

The improved displacement coefficient method (DCM) presented in [20] was used to eva-
luate the spectral displacement demand which is the input to the displacement based fragility
curves. The DCM essentially modifies the linear elastic response of the ESDOF system with
5% damping by multiplication with a series of coefficients to generate an estimate of the in-
elastic displacement demand S .

T2
S,=C,..C,S —
d 1°~2 a(Te) 4.72_2 g
R-1
C =1+
l aT’
2 “4)
800| T,
S, (T
R— a( e)
S

where, C, is modification parameter which relates the expected maximum displacement

of an inelastic ESDOF system with elastic-plastic hysteresis properties to the displacement
calculated from the linear elastic spectral response, a is related to the type of local NEHRP
soil classification (a=130 for soil class B - rock), C, accounts for the effects of pinched hyste-

resis shape, stiffness degradation, and strength deterioration on the maximum displacement
response, S, (T,)is the spectral acceleration at the effective fundamental period of the system

coming from the capacity curve, and S, is the yield acceleration of the system. The median
T.and S, of the two-story stone masonry buildings were obtained from the capacity model as
0.25sec and 0.24g, respectively. The corresponding spectral acceleration S,(T,) with 2%
probability of exceedance in 50 years is 0.49g, and spectral displacement S is 0.01m.
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The final damage state probabilities are shown in Figure 9 together with respective dam-
age probabilities obtained from fragility curves defined in Hazus and ELER. For the given
spectral displacement demand, discrete damage state probabilities are evaluated as the differ-
ence of the cumulative probabilities of reaching or exceeding successive damage states. The
damage estimation obtained using Hazus shows highest probability of occurring to no damage
and to slight damage, ELER yields highest probabilities to extensive and complete damage,
whereas damage estimates generated by this study and for the same intensity measure
(S¢=0.01m) indicate that slight to moderate damage will be the most probable damage expe-
rienced by the stone masonry buildings.

This comparative example shows the importance of the development of specific fragility
curves that reflect the generic construction characteristics for the considered study area for
seismic risk assessment and emphasizes the need of critical use of existing risk assessment
tools and the obtained results.
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Figure 9: Damage state probabilities for Old Quebec City two-story stone masonry buildings (a), compared with
respective damage states computed with fragility curves implicit in Hazus and ELER (b).
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7 CONCLUSIONS

The procedure for analytical displacement based fragility analysis of stone masonry build-
ings in Old Quebec City is presented. The first step consisted of an inventory of existing
buildings in the study area and characterization of representative typologies of stone masonry
buildings. These typologies were utilized to develop a building capacity model using a simpli-
fied mechanical model with linear elastic and perfectly plastic domains which proved particu-
larly effective for carrying out analyses of uncertainties with significantly reduced
computational time.

A simplified displacement based procedure was used to develop damage state fragility
curves based on drift limits of stone masonry walls which were assigned based on literature
data. It is expected that using drift limits obtained from laboratory testing of stone masonry
walls representative of those existing in Old Quebec City would help to reduce the uncertain-
ties in the damage prediction. A comparison of the developed fragility curves is made with
their corresponding curves in existing regional seismic risk assessment tools Hazus and ELER.
Significant differences have been observed between fragility curves defined by the three me-
thodologies. These differences were replicated in comparatively significant disparities among
the estimates of the probabilities of different damages states to be experienced by stone maso-
nry buildings in the Old Quebec City for the same seismic hazard with probability of 2% ex-
ceedance in 50 years.
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