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ABSTRACT

Unreinforced masonry (URM) walls have been tradaity perceived to possess very little displacement
capacity with respect to out-of-plane loading. sTiew, which has arisen due to low tensile stiergtURM
and therefore small displacements at which suclswalgin to crack, has led to the widespread misggton
among engineers that such walls possess no dyetild perform poorly under earthquake loading. Ehav,
both theoretical and experimental research havfadhshown that URM walls have the capacity to wgde
significant deformations before collapse occurse da the rigid block action and frictional resistan
mechanisms present in such walls. In addition]saslipported at their vertical edges have been show
possess good energy dissipation characteristicshwii further beneficial to seismic resistance.isTpaper
presents a time history analysis model developedifoulating the dynamic response of URM walls suatgd

to out-of-plane loading. The hysteresis model ipocated into the analysis is capable of represgritie non-
linear load versus displacement behaviour of walth a range of boundary conditions that include-aray
and two-way walls. The various parameters in teeehcan be calculated as a function of the pragsedf the
URM wall, including the dimensions, material prapes, axial loading and boundary support conditions
Comparisons of the analytical model with experimaéshaketable tests show promising results.

KEYWORDS: unreinforced masonry, out-of-plane two-way begdimonlinear time history analysis,
hysteresis model, seismic response.

1 INTRODUCTION

Research into the seismic response of unreinfomasbnry (URM) buildings (Abrams 2001; Bruneau 1994;
Brunsdon 1994; Calvi 1999; Maffei et al. 2000) haghlighted the need for improvements in our un@derding

of the behaviour of URM buildings under earthqud&eding and in the corresponding procedures for
earthquake resistant design. Significant advahese been made in Australia in recent years indésgn
methodology used to calculate the out-of-plane lceohcity of URM walls, with the development ofigual
work method (Lawrence and Marshall 2000), applieablo-way spanning wall panels with a range of
boundary support conditions. The method, which Itesesn adopted by the current version of the Auatral
Masonry Code AS-3700 (Standards Australia 2001Yyiges the ultimate load bearing capacity whichsedu

in a force based design procedure of laterally ddatlRM walls for both wind and earthquake loading.
However, whilst a forced-based approach is appatgprin the design of walls for wind loading, it Hasen
shown to be vastly conservative for the ultimataitlistate design of URM walls under seismic loading
(Magenes and Calvi 1997; Priestley 1985), becausHdctively limits the allowable deformation resse of
the wall to the displacement at which ultimate regth is reached (typically 5-15 mm). By contrasif-of-
plane collapse of URM walls is well known to be gmed by deformation limits rather than the loadrivgy
capacity, with the ultimate displacement capacfta panel typically being close to the its thickméequal to
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110 mm for standard Australian URM constructionhich justifies a move away from traditional forcaskd
methods in favour of displacement based design.

Recent joint research by the University of Adelaaaiel University of Melbourne into seismic respoas&RM
buildings of has led to the development of a naadmtime history analysis for vertically spanninBN walls
(Doherty et al. 2002). The nonlinear load-dispiaeat relationship incorporated into this analysimprised a
semi-empirical trilinear elastic model based ormdrigjock theory, in which the input parameters doog easily
determined from the wall's geometry, self-weight arertical pre-compression. The accuracy of theadyic
analysis was validated by extensive shaketabléngegDoherty et al. 2002; Lam et al. 2003), which
subsequently led to the development of a simplifisgplacement based design procedure.

The aim of current research efforts by the Unitesiof Adelaide and Melbourne is to extend thesrag
assessment procedure previously developed forcadiytispanning walls to include two-way walls, wihic
include any class of panels supported by a combimaf horizontal and vertical edges. As partto$ research
effort, two sets of experimental studies involviolgy brick URM walls were performed. The first dyu
involved quasi-static cyclic tests on eight fullakr walls aimed at characterising the nonlinearddoa
displacement behaviour (Griffith et al. 2007); andhe second study, shaketable tests were pertbumimg
five half scale panels which validated the respaizerved in the quasistatic tests under true dynkading
and provided dynamic data to aid the developmerat nbnlinear time history analysis (Vaculik and ffgh
2007). The most significant behavioural trendseobsd in these experimental tests included larderaation
capacity in excess of the wall thickness, hysteretiergy dissipation (hysteresis loops) upon cyohcling and
strength and stiffness degradation which was bgtthecand deformation dependent. The nonlinearasti
nature of the two-way wall response was signifigantifferent and more complex than that of vertigal
spanning one-way walls studied by Doherty et @08, justifying the need for the development oleav time
history analysis capable of simulating the nonlifead-displacement behaviour of two-way panels.

This paper presents a time history analysis deeeldpr modelling the dynamic response of URM pantels
out-of-plane seismic loading. Whilst the model wies/eloped specifically for two-way panels, it has
inherent ability to also simulate the behaviounpé-way vertically or horizontally spanning wallhis paper
is structured into three parts: Section 2 will dimethe nonlinear load-displacement model withoatiine of
the methods used to calculate the various inpuarpeters, Section 3 discusses the transformatioed ins
idealising the masonry panel as an equivalent SB@em and Section 4 provides comparisons of thardic
analysis with experimental data obtained by shaketzsting.

2 NONLINEAR LOAD-DISPLACEMENT MODEL

It is generally recognised that the dynamic resparfsnonlinear systems can be modelled using syegtdp
time history analysis (THA) procedures with accbf@aaccuracy, provided that the model incorporatgsod
approximation of the system’s dynamic propertiesgiuding the mass, damping and nonlinear load-
displacement behaviour. The proposed load-displaoé hysteresis model for the flexural responsénof
way has been developed to simulate the full rafigesponse of URM walls in bending, including praeking
elastic response, progressive strength and stiffdegradation during cracking and post-crackinpomrse as a
result of residual strength — trends which wereeole=d in quasistatic cyclic tests performed as pathis
research (Griffith et al. 2007). The model is lohsa superposition of three component hysteresesras
shown by Figure 1. These components account ®rvérious internal resistance mechanisms preseat in
URM wall, with each exhibiting a unique mode of dedisplacement hysteresis. These include a residua
elastic component (Figure 1a), residual inelasbimmonent (Figure 1b) and a degradable componegur@i
1c), with the first two accounting for the behaviai the masonry panel in its cracked state, witiist third
component represents the additional strength theonmg gains from the presence of mortar bond which
degrades as the system undergoes damage due tmaedn beyond its elastic limit. These three conmgnts
can be defined by a total of 9 input parameteiistfte panel is modelled in its cracked state)brief overview

of these component hysteresis rules and methodistasalculate their input parameters will now beeqg.
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Figure 1. Component rules in the proposed hystenesdel

The residual elastic rule (Figure 1a) is similathe elastic trilinear rule proposed by Dohertyalket(2002) for
panels in vertical one-way bending and represdmsetastic resistance provided by normal flexutedsses
acting upon the bed joints in a cracked panels mhodelled as a bilinear elastic rule with a negapost yield
slope to account for a reduction in the panel'slloesistance arising from rigid body stability etee The
residual elastic strength, can be calculated using the virtual work methodabgounting only for bed joint
flexural resistance along horizontal and diagomatk lines. The instability displacemeat can be obtained
using rigid body theory by taking into account 8tepe of the subpanels involved in the collapsehar@sm
(refer to Figure 5). The residual inelastic ruigg(re 1b) represents the inelastic shear frictioesistance of
bed joints within a cracked panel. The rule is giledl as a simple elastoplastic hysteresis, whith &
constant post-yield stiffness assumes that thereifoss or gain in the frictional resistance wiitbreasing
panel displacement. The author believes this t@ lveasonable assumption for the displacement rahge
interest. The residual inelastic strenfthmay be obtained using the virtual work method bgoanting solely
for the inelastic frictional moment resistance glorertical and diagonal crack lines. Due to thenglex
internal resistance mechanics of two-way URM paaat$joint degradation along the cracked bond fiater; it
is difficult to propose a fully rational method foalculating the initial lateral stiffness of crackmasonry to
establish parameteks. andk,. The author has found, however, that the softgaffect of crack formation can
be roughly accounted for by applying a stiffnesturtion multiplier (of approximately 0.1) to thetial elastic
stiffness of the panel in its uncracked state, Wwivicthe case of two-way panels can be determirad €Elastic
plate theory. The residual stiffness calculatddgithis approach can be subsequently distribuetdiden the
initial stiffness in the residual elastic and irstia rules k. andk,). Note that in the remaining figures in this
paper, the residual elastic and inelastic rulesrepeesented using hyperbolic functions which givemooth
transition zone between the initial stiffness sl@pel the ‘post-yield’ slope and provide a greatemerical
stability in the step-by-step dynamic analysis prhoe.

The degradable rule (Figure 1c) accounts for thiitiadal strength the panel obtains from bond gjtierwhich
diminishes as the panel develops progressive crgckin the proposed form of the hysteresis rutength and
stiffness degradation are modelled as being displaat dependent. The degradable strefigtitan be
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Figure 2. Comparison of hysteresis model with expental response (panel s3)

calculated as the difference between the ultimaael Icapacity and the total residual load capaéity+(F;).
Similarly, the initial stiffness,q is the difference between the initial elasticfsats and the total residual
stiffness kee + Kii). The displacementdy and dyy which define the strength envelope depend on cexnpl
modes of internal stress redistribution within thenel as a result of progressive cracking and needae
determined empirically. The reader is referredGuiffith et al. (2007) for experimental test resulvhich
demonstrate typical cyclic strength envelopes aftvay panels.

Superposition of the three component hysteresesmésults in an overall load-displacement hysieresdel
which is in reasonably good agreement with the g#read-displacement trends observed in the qiaisis
cyclic tests. An example of such a comparisom@@a in Figure 2 for a clay brick panel (panel G8iffith et
al. 2007) with dimensions 4080 x 2494 x 110 mmdikrx height x thickness), full moment restrainftat
vertical edges and simple support at the horizosdgles, an asymmetrically positioned opening ahdviPa
axial pre-compression at the top edge. In thismge, the cyclic experimental response (Figure iga)
compared to the hysteresis model for two caseshdfirst case (Figure 2b), the input parametersie model
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Figure 3. Examples showing the influence of a pal®undary conditions on the residual hystereggponse

were chosen manually in order to demonstrate théetivoability to provide a good fit of the experinal
curves. In the second case (Figure 2c), the ippuameters were calculated a priori using the physi
characteristics of the panel with analytical methddr strength, displacement and stiffness calmriaas
outlined previously. Whilst, in the author's opmini the parameters calculated a priori still provadgood
representation of the general hysteretic resporesesuned by experiment, the example highlights ¢nsisvity
of the overall shape of the curves to the analytaals used to calculate the model’s input paramset

A further significant feature of the proposed hyssés model is the versatility in its capability $somulate
panels with any degree of elastic character (ystdnetic energy dissipation). For example, ingbst-cracked
state a panel with a highiH aspect ratio will respond predominantly througisét resistance mechanisms and
exhibit low hysteretic energy dissipation, whilgpanel with a low./H aspect ratio will respond predominantly
through inelastic mechanisms and thus exhibit Hgkteretic energy dissipation. The advantage ef th
proposed model is that the degree of overall eiastof the masonry panel is inherently accountadbly the
relative magnitudes of the input parameters forpihst-cracking elastic strengty and the inelastic strengk
which may be calculated using the virtual work noeth Consequently, the model has the capabiligirtwlate
not only two-way panels, but also one-way horiztiy&nd vertically spanning panels (Figure 3).

3 DYNAMICANALYSISUSING THE SUBSTITUTE STRUCTURE APPROACH

In dynamic modelling of multi-degree-of-freedom (K@B) systems which respond in a dominant vibrational
mode, a substitute structure approach may be ingieed. In this approach the MDOF system whose
properties including mass and displacement areadigadistributed is idealised as an equivalengkrdegree-
of-freedom (SDOF) system with a lumped mass anplatiement. URM walls in out-of-plane bending fiist
requirement, because following cracking they temddform in a predominant deflected shape definethé
wall's crack pattern. It is generally accepted tha collapse mechanisms of URM panels in bendarg be
idealised as a series of flat subpanels with mtati deformations being concentrated along hingesli{Figure

4). In the Australian Masonry Standard AS-370Quél work procedure, these collapse mechanisms are
determined directly from the panel's geometry andruaary support conditions. Several examples oh su
collapse mechanisms are shown by Figure 5 for vasoipport arrangements.

Apart from the underlying assumption of a domingititrational mode, the transformation of the dynamic
properties of a MDOF system to an equivalent SD@tesn is based on the criteria that the MDOF an®SD
systems have equal base shear and perform an aguoaint of energy. Based on these conditions, @kpli
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Figure 4. Three dimensional visualisation of ttheallised displaced shape of a two-way spanning wall
supported at all four edges

(a) Panel supported at all four (b) Panel free at one horizontal (c) Panel free at one vertical edge
edges edge

Figure 5. Effective length and height of two-wanpls for various boundary support arrangements

expressions have been derived to perform theseftramations for the general AS-3700 collapse meishas
for solid two-way panels, as follows.

A - M _ 2
%:ﬂl (3.1) o _1-65+90

. 38-1 M  -68+125°

(3.2)

Equation (3.1) relates the effective dynamic disphaent of the SDOF systemty, to the maximum
displacement along the actual pangl and equation (3.2) relates the effective dynamass of the SDOF
systemMg,n, to the actual mass of the pail The parametef is related to the effective aspect ratio of the
panel,a, which takes into account the diagonal crack sBpand the effective dimensions of the pangland
Hes, as illustrated by Figure 5. These effective dimensL« andHe are taken as the full span when only one
span end is supported, or as half the span whénspain ends are supported. Parametersds are calculated
using the following expressions.

a=G—— (3.3) B= ma{ﬂ%) (3.4)

Because the parametg@may assume values ranging from 1 to infinity, taBor4q,./4. obtained by equation
(3.1) ranges between 1/2 (whgre 1) and approaches 2/3 whgrbecomes sufficiently large. Similarly, the
ratio Mq,/M as given by equation (3.2) ranges between 2/3r{yhe 1) and approaches 3/4 whgiecomes
sufficiently large. The ratios at the limiting eawhenp approaches infinity are equal to those determimed
Doherty et al. (2002) and effectively representcanario whereby the wall become sufficiently logbe
treated as a one-way spanning wall. Once the jsadghamic properties are transformed to an egeial
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Figure 6. Comparison of dynamic analysis with expental response for earthquake excitation

SDOF system using the methods outlined hereindghamic time history analysis can be performeddiyisg
the equation of motion for a given loading or aecation history using standard step by step praesgisuch
as the constant acceleration method or the linezleration method. It is important to note ttet tcomputed
displacement history of the SDOF system using tffecttve dynamic displacementy, needs to be
transformed back into the MDOF domain using equaf®1) in order to obtain the central wall disglanent
A¢.

4 VALIDATION OF DYNAMIC ANALYSISUSING EXPERIMENTAL DATA

The accuracy of the proposed time history analyss scrutinised by comparing the predicted dynamic
response to experimental data obtained by shaketabts (Vaculik and Griffith 2007). This experimted
study was performed on five URM panels whose caoméitions were designed to represent half scaléceepbf
panels used in the test study involving quasistattic loading using airbags (Griffith et al. 2Q07Throughout

the shaketable tests, measurements of displacerardtsccelerations were taken at key locationsgatba
panels and the support frame, which were subsedguased to determine the average wall and support
accelerations. Dynamic analyses of the test walse conducted using the proposed nonlinear load-
displacement model (Section 2) and the equival®®FS system transformations (Section 3), with theuin
acceleration histories taken as the average suppogterations measured during the shaketable tests

Figure 6 shows a comparison of two shaketablertest and the corresponding dynamic analyses, wthieh
author considers to be representative of the gepertormance of the time history analysis. Thidsmasonry
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panel chosen for this example (panel d1, Vaculi# &miffith 2007) had dimensions 1840 x 1232 x 50 mm
(length x height x thickness) with simple suppatsthe horizontal edges and full moment restraintha
vertical edges and 0.1 MPa axial load applied etdp of the wall. Input parameters for the lo&plcement
model were calculated a priori using the panel'gsptal characteristics, with material propertiesluding the
Young's modulus of elasticity and coefficient oicfron obtained from material tests on the testanag At
the stage at which the presented dynamic tests pegfermed, the panel had already been previousigked
and exhibited a full cracking pattern consisterthviine typical idealised collapse mechanism (reddfigure 4
and Figure 5a). Since the wall was already craclkedldegradable component of the load-displacemeniel
(Figure 1c) was assumed to be completely degraeed @). The viscous damping ratio was taken as.0.02

As shown by Figure 6, the performance of the tinstohy analysis is quite favourable. The two tem$es
shown by the figure were chosen to demonstrat@éntormance of the time history analysis at twdedént
magnitudes of displacement. In the first caseuileiga and c) the ratio of the maximum centralldgment
and the wall thickness1{/t) was 0.11, whilst in the second case (Figure @bdjmatio was 0.25. In test case 1,
the maximum deformation predicted by the time mstmalysis was 6.61 mm, which only slightly ovexlicts
the experimental response of 5.25 mm. In test 2attee results are also favourable with a prediat@ximum
deformation of 11.3 mm being quite close to theeexpental response of 12.3 mm. Furthermore, the
displacement time trace plots in the vicinity o tmaximum deformation (Figure 6¢ and d) show thattime
history analysis also managed to capture the gemereeforms of the experimental response. It hasnb
observed however, that the accuracy of the analyas quite dependent on a good estimate of thalinit
stiffness of cracked masonry panel. It is seemftioe hysteresis plots (Figure 6a and b) thatesetparticular
cases, the initial cracked stiffness.(@ndk, in Figure 1) closely resembled that of the experital response.
However, this apparent sensitivity of the displaeatresponse on the input parameters of the modkdriines
the importance of accuracy in the methods usedatoulate these parameters, especially the ultiratk
residual load capacities and lateral stiffneshefganel in the post-cracked state.

5 SUMMARY

An original hysteresis model together with a subtsistructure approach for conducting a dynamie thistory
analysis of two-way URM walls subjected to out-tdse earthquake loading has been presented. The
proposed hysteresis model has the capability talaba the full range of nonlinear inelastic resmoo$ such
panels, including their behaviour before and aftacking. Comparisons with quasistatic cyclic laests on

full scale URM panels show that the model has #pability to simulate the main hysteretic trends, that the
reliability of the model is dependent on the accyraf the methods used to calculate its input patars. The
dynamic analysis also shows promising results, thiehnumerically computed displacement responseghiai
good agreement with experimental shaketable testseflistic earthquake motions. It is expecteat this
work will ultimately lead to the development of emplified displacement-based procedure for thensigis
design and assessment of one-way and two-way URIM subjected to out-of-plane loading.
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