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Abstract. In the framework of a recent EU funded researabjgmt, innovative construction
systems for clay unit reinforced masonry walls wageeloped. In particular, one system was
developed for low-rise residential buildings. Ariegsive experimental program was mainly
aimed to understand the cyclic in-plane behaviodamshear and compression loads. The
tests results were compared with code proposeduiations for the evaluation of shear
strength, in order to check their reliability in gulicting the ultimate load capacity of rein-
forced masonry walls. A new calibrated formulatignproposed. A FE continuum micro-
model was calibrated on the experimental results #wen used to carry out parametric anal-
yses of the reinforced masonry system, to invastithe influence of the axial load level, the
aspect ratio and the reinforcement ratio on thebglan-plane behavior of the tested walls. A
new analytical hysteretic model was also develagetiused to carry out non-linear dynamic
analyses of SDOF systems, to evaluate the reducfidhe elastic response of reinforced

walls, for a range of natural periods that charatte the elastic phase of load bearing ma-
sonry buildings.
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1 INTRODUCTION

Reinforced masonry (RM) was developed to explatdtrength potential of masonry and
solve its lack of tensile strength [1] while sigo#intly improving resistance, ductility and en-
ergy dissipation capacity with respect to unreioéar masonry (URM) [2, 3]. In the last few
decades, a large variety of RM techniques have Ipeathe available. Many RM systems
around the world are based on the use of holloverede [4, 5] and clay units [6], which are
reinforced with steel bars and grouted with corréther RM systems, traditionally devel-
oped in Europe, make use of perforated clay umitslened with concentrated vertical rein-
forcement, [see, for example 7, 8, 9, 10].

Generally, RM systems are designed for low risedesdial buildings in seismic areas,
which resist horizontal earthquake actions with wadls parallel to the seismic actions, ac-
cording to the box-type behavior [1]. Therefores thain aim of any experimental and numer-
ical study is to assess the behavior under in-pamdic actions. In the case that seismic
design of this type of buildings is based on linelastic methods of analysis, the evaluation
of the strength capacity (ULS) and the numericdlies of the seismic behavior factor (g-
factor) to reduce the elastic design spectrumcareial. The shear strength of RM is general-
ly evaluated as the sum of the contributions ofeuriorced masonry and horizontal rein-
forcement [11, 12, 13, 14], where many issues ckggrthe evaluation of masonry strength
and horizontal reinforcement efficiency are stpleo [15]. On the other hand, the g-factor has
been recognized in the Italian code [12] to be em@nting an “overstrength” ratio also in the
case of masonry buildings [16, 17], and its valces be higher if capacity design principles
are pursued, whereas the European code [18] dbégsowde these possibilities. Furthermore,
more rational design methods, based on non-lineallyses, are being developed [see, for ex-
ample 19]. Nevertheless, to adopt them, it is reargsto give deformation/drift limits that
should be used, suitably revised on the basis @fntlore recent construction systems and
available experimental information [20].

In this context, a RM systems for use in low riserevrecently developed [21] and tested
[22]. The main aims of the experimental and nuna¢neork were to study the behavior in
relation to the above mentioned issues.

2 STUDIED REINFORCED MASONRY SYSTEM

The RM system developed for low rise residentialdings is based on the use of concen-
trated vertical reinforcement, similar to confinethsonry. Special clay units are laid with
horizontal holes, with recesses for horizontal farement on the bed faces (Figure 1 left).
Vertically perforated units are used for the comighcolumns. Vertical reinforcement placed
in the cavities of the confining columns is commbsésteel bars (0.130%+0.173%); horizon-
tal reinforcement may be made of either steel baggrefabricated steel trusses (0.045% and
0.040% respectively). The main advantages of tls¢esy are related to durability and con-
struction process: placing the horizontal reinfoneat inside mortared recesses improves re-
inforcement durability, makes reinforcement posiiiny easier and more precise, and allows
good bond at the interface unit/ mortar and maearforcement. In addition, this technique is
traditionally adopted in Mediterranean countriesintgprove thermal insulation. As regards
mechanical behavior, this system is conceived tdopa as RM, provided that units with
horizontal holes are effective in bearing the hamial loads and transferring them to the con-
fining columns, without showing fragile behavior.oM details about this system can be
found elsewhere in [22] and [23].
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Figure 1: RM system (left) and shear-compressistidetup (right).

3 OVERVIEW OF THE MAIN EXPERIMENTAL RESULTS

The seismic performance of the proposed RM systasiavaluated by means of in-plane
cyclic shear compression tests (Figure 1 rightjri@a out with cantilever boundary condi-
tions. Fourteen full-scale masonry specimens wested differentiated by: presence or ab-
sence of vertical reinforced confining columns, o$esteel bars or prefabricated trusses as
horizontal reinforcement, aspect ratio and valuapylied axial load, to force both shear and
flexural failure modes.

The test results allowed evaluating the influentéhe above aspects on the main seismic
parameters of RM walls, such as strength and dispiant capacity, energy dissipation, vis-
cous damping, stiffness degradation [22, 24, 25].

In general, the failure mechanism strongly inflieshall the measured seismic parameters.
The tests showed that: the different types of toorial reinforcement did not cause significant
differences in global mechanical behavior, the zmntally perforated units are adequate in
bearing the horizontal loads between the confimolyimns, and the interaction between the
inner portion of the wall and the confining colundmes not cause premature failure. The ul-
timate drift6, ranged from a minimum value of 0.7% for shearfa$ to values exceeding
1.7% for flexural failures. These values satisfy timits associated to ULS for shear (0.6%)
and flexural (1.2%) failures of RM walls, adopted the Italian norms, but the European
norms do not provide any drift limit for in-planesponse of RM walls. The ductility ratio
moves from 2.5 to 4.0 for shear failures and frabt8 6.0 for flexural failures, according to
the axial load level. The ratio between dissipaed input energy was around 30%. The val-
ues of viscous damping were around 5%, and teraleattease in the post-peak phase.

4 EXPERIMENTALLY BASED MODELING

4.1 Shear strength evaluation

The shear capacity of RM walls is governed by savglobal and local resisting mecha-
nisms. In general, the combination of vertical &odzontal reinforcement leads to the devel-
opment of a global mechanism, which lies in betwtenarch-beam and truss mechanism [1,
26]. While the flexural strength of RM walls is aélvely easy to calculate according to theo-
retical models, the shear strength, due to the tmxip of the mechanism, is generally calcu-
lated as a sum of contributions, better than onbiw&s of theoretical models. Four main
contributions are usually considered by formuladiganoposed to predict the nominal shear
strength \& of RM walls: \, is the shear strength of URMp\s the contribution of axial
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load, Vs is the contribution due to horizontal reinforcemand \j,, is the contribution due to
dowel-action of vertical reinforcement.

A crucial issue for the shear strength formulati®nhe efficiency of the horizontal rein-
forcement, which vary between 30% and 100% accgrtbrthe various formulations availa-
ble in literature [see for example 11, 12, 13, 24, 28, 29, 30]. The shear reinforcement
effectiveness, evaluated by means of strain gaugas,about 60%, in the present experi-
mental tests, which is consistent with the values/ided by codes such as the Italian and
American standards [12, 13], and proposed by rekees such as Tomazevic and Anderson-
Priestley [1, 28].

As a consequence of an extensive analyses of #da strength formulations and the com-
parison with the present experimental data [22, 4 Shlibrated formulation for shear strength
evaluation has been proposed:

Vo=V +v. =| ftg/% 41 ]ag+ oy (1)
R m S b ft s

The equation (1) is based on the Turndek @agbvic criterion [31] for evaluating ¥,
which implicitly accounts for the contribution oxkial load Vb, and which is consistent with
the diagonal cracks experimentally observed. Théribortion of horizontal reinforcementgV
is calculated in equation (1) as for stirrups imfierced concrete members [as in 12, 13], tak-
ing into account the number of stirrups, each ehak,, across the diagonal crack (with 45°
slope, d is the effective length of the wall sectand s the spacing of the stirrups). The 0.6
reduction coefficient corresponds to the shearfoetement effectiveness experimentally
evaluated.

The comparison between equation (1) and the expetah@ata is given in Figure 2.
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Figure 2: Shear equation and numerical trend verxgntal data.

4.2 Numerical modeling

A simplified micro-modeling strategy with continuualements and no unit-mortar inter-
face elements was adopted for modeling the enveddpgclic behavior of the RM walls un-
der study. The model properties were derived frorpedarmental tests. The Total Strain
Rotating Crack isotropic damage model [32] was &tbfor mortar and blocks. The steel
reinforcement was described by means of elastdiplen Mises yield criterion, and had the
shape of a line, full bonded and embedded in allpflane stress elements that define the wall
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geometry. Considering the type of model used, & wat possible to make a distinction be-
tween the truss and the bar reinforcement usedahhb/ses were carried out using the code
DIANA. Eight-node isoparametric plane-stress eletmavith Gauss integration scheme were
used in the models. The Newton-Raphson iteratiocgature was used with a displacement
control and an energetic convergence criterion. Vdlaes of fracture energy of masonry in
tension (@') and in compression (Bwere found by means of extensive literature netea
summarized into a database valid for masonry sirast[33, 34]. Other parameters that were
not directly available from the experimental testasried out are the tensile strengths of the
masonry components. The calibration process ofrthdel was carried out starting from uni-
axial compression tests, and aiming to solve sosfects of the model such as the full-
bonded hypothesis used for embedded reinforceminth is not realistic.

Figure 3 compares the average of the experimegsiélesis loops envelope {k curve)
obtained by the shear compression tests, and timennzal results (Numeric curve), for the
specimens failed with shear and flexural mechanisnder axial load of 0.6 N/mmThe
models slightly overestimate the initial stiffnemsd reproduce the maximum horizontal load
with an average error of about +5%. Displacemergsewgenerally underestimated, but the
values of ultimate displacement (when a sudden dfogtrength occurs), are in agreement
with the experimental ones (average error £15%gaasbe seen in Figure 3.
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Figure 3: Experimental hysteretic envelopes andarigal pushover analysis: shear failure (left) fleat failure
(right).

On the basis of calibrated models, we carried auddensive parametric study [35, 22] to
evaluate the influence of different parametershsas axial load level, aspect ratio, and
amount of vertical reinforcement, on the in-pladdvior of RM walls. The results gave in-
dication about the reliability of the shear strénfgirmulation proposed by equation (1), com-
pared to other formulations available in codes ianthe literature. It was possible to confirm
the proposed relation between horizontal load gmdied axial load, as reported in Figure 2.

In addition, it was found that the contributionvartical reinforcement is essential for RM
walls, since it changes the behavior from rockirgghanism, typical of URM wall, character-
ized by premature crushing of compressed toe wathsequent numerical instability, to a
flexural mechanism which leads to higher strengtth displacement capacity. When the ver-
tical reinforcement ratio was higher than 0.2%,\ladls failed in shear with a limited ductili-
ty. This worsening of the wall behavior is more keat for slender rather than for squat
specimens.

The parametric analysis on the aspect ratio allookeskrving that the maximum shear
stress presented a non-linear decrease with irecddd/L ratio.
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4.3 Analytical modeling and dynamic analyses

To reproduce the experimental cyclic behaviourew mysteretic model was developed.
The model was based on the quadri-linear envelopees defined by the four limit states,
and given in [36], and on energy considerationssdiffhess degradation rules. Starting from
some observation about the shape of the experiineygteretic cycles [37], the cycles were
modelled on the basis of four main points (A; B;);and their symmetrical. These points
were found on the basis of the parametarar@ G, which depend on the amount of the ab-
sorbed and dissipated energy during the cycle Zamhich is a ductility parameter. Figure 4
(left) shows the geometrical scheme for the loamsistruction. The slopes of the various
loading and unloading phases are given by stiffpasameters, as in [38]. Other two parame-
ters, R1 and R2, are used to model the repeatdescgn the basis of the ratio between input
and dissipated energy in the first and, respedgtjtbe second and the third cycle. Overall, the
model uses four independent parameters, and tleesoétne all based on those. A more de-
tailed description of the model features is givan[39]. Figure 4 (right) shows the good
agreement between the experimental hysteresis lopghose generated by the model.
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Figure 4: Scheme for the loops’ construction (laftfd experimental vs numerical hysteresis looghiyi

The developed analytical model was used to cartynoo-linear dynamic analyses in or-
der to evaluate the reduction of elastic respohgdwalls due to their hysteretic behaviour.
They were executed on a SDOF system, using a @bl synthetic time-histories, compat-
ible with the spectra of national code. The anaysere carried out for a range of natural pe-
riods between 0.10 and 0.5 s, and they were reppdatecach soil group classified by the
Italian code [12]. Analyses were carried out onlibsis of the given value of ultimate ductili-
ty factorp, obtained during tests. The aim was to estimadd feduction factor Rdue to en-
ergy dissipation and non-linear behaviour of the Rydtem, taking into account shear and
flexural failure modes. 2160 analyses were caroetland the obtained values foj fRere
variable with the soil type, axial load level araldre mode. The study of the results, ob-
tained from the dynamic analyses [37], allowedleesve that for natural period of 0.15+0.20
s, characteristic of masonry buildings, the loaduction factors value is confirmed to be of
2.5 and 3.0 that the Italian norm suggests, res@dgtfor RM failing in shear and in flexure,
the latter being associated to the applicatiorapicity design principles. It should be pointed
out that the same range of values, regardlessediaitlure mode, is also given by [18], but as
final values of g-factors to be adopted (i.e. neiyhg overstrength).
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5 CONCLUSIONS

Extensive experimental and numerical investigatioese carried out to improve the
knowledge of seismic behavior of RM walls and tiaailable design procedures

New inputs were provided by the tests about therd®ition capacity, to be adopted and
implemented in non-linear analyses.

A shear strength formulation derived from the asialpf the available formulations was
in good agreement with the experimental resultsa@mistent with the parametric anal-
yses carried out with the developed numerical model

The role of vertical reinforcement for RM walls waighlighted and a limitation for ver-
tical reinforcement ratio was identified by mearighe parametric analyses carried out
with the calibrated numerical model.

An analytical model derived from experimental réswas able to account for the cyclic
behavior of RM walls. Adopting this model into dynia analyses, the capability of RM
walls of reducing the dynamic response induced d&yhguake, was quantified by the
load reduction factor. The results confirmed thii@s reported in Italian code.

However, taking into account the intrinsic limitati of the present design procedures
[40], further analyses are in progress at UniversitPadova; mainly an analytical fibre
model accounting for the shear/flexural interacti@s been developed, to be used in di-
rect displacement based design procedures for RMJ&M masonry structures.
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