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Abstract

A performance-based seismic assessment of unregdfonasonry (URM) buildings requires the use oabd models, able
to predict their nonlinear force-displacement resmo including their displacement capacity. Among thossible

methodologies, at different levels of complexityaero-modelling using structural component elembatsproved to be an
approach that can provide satisfactory accuraggmgtlow computational cost, rendering it therefsu@able for engineering
practice. The use of such modelling strategy reguihe idealization of the structure through anvedent frame, whose
deformable elements are able to describe the imeplasponse of piers or spandrels.

In this paper, the modelling of the cyclic in-plaresponse of a modern unreinforced brick masonnglpdarough a
two-node, force-based beam element is proposed/aidhted against experimental results. The disteit inelasticity is
described with the use of numerically integratédedisections, applying a nonlinear, biaxial mateniadel. Such model can
provide a coupling between axial and shear respatnithe local level, which is a novel approachtfe numerical modelling
of URM structural components with beam element® ifiodel is implemented in the open-source platf@mensees” and
is therefore available to the research communitye Validation of the proposed formulation is perfed through the
comparison with experimental results of a shearamdpression test, performed at EPFL. The expetiahéiata, including
also strain fields, allow for the comparison witmmerical results both at the element level, in teaftop displacement and
rotation, and at the local scale, in terms of fikirains and sectional deformations. The compassomed that the proposed
element captures the cyclic response of unreintbbeck masonry walls in an adequate manner.

Keywords: force-based beam element, unreinforcesbmg, cyclic in-plane behaviour, distributed instiaity

1. Introduction

The assessment of the seismic behaviour of madmrilgings through refined procedures, such ascstain-

linear analyses or incremental dynamic analysegiires the use of accurate and efficient numetazas for the

prediction of the structural response, in termstofngth and displacement capacity, in the monotand, when
needed, in the cyclic range. In this context, bezodels, despite the strong kinematic assumptiatgtiey imply,

still represent typically a very good compromisén@en accuracy of the description of the cyclipoase on one
side, and simplicity and computational efficiencytbe other side [1-3].

Beam models of masonry walls are meant to be apfiequivalent frame modelling approaches, in thic
the structure is simplified into a frame of defobi®aelements, corresponding to piers and, wheneptes
spandrels, connected by rigid nodes. For theiragtaristics, some typologies of complex buildingsndt lend
themselves to such a simplified structural modelyéver, most existing residential buildings in unferced
masonry (URM) can be effectively modelled throufts tapproach. Equivalent frame models are partigula
suitable for modern URM buildings, presenting twlliz a regular layout and good connections betwestical
elements and stiff horizontal diaphragms. None®lthrough adequate assumptions, they can beedghio to
historical residential masonry buildings, providedt a box-like behaviour is ensured by the existionnections.

In equivalent frame models, damage is assumedicetdrate in the deformable beams or macro-elements
which have to give a complete description of ttepomse of the structural element, including allrédevant non-
linear phenomena and failure mechanisms that daataf. For URM brick walls, the phenomena thdtience
more the response are the opening and closingnt$ jo flexure and the diagonal cracking of joiatgl eventually
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units in shear. Failure mechanisms are typicatgsified into flexural or rocking failure, and shéailure for
diagonal cracking or, less often, for sliding i floints [4]. However, in addition to these puredas, mixed
failure mechanisms are often observed in experiahéests [5].

2

Equivalent frame models for URM buildings make oftsse of macro-elements developed to reproduce the
global force-displacement response of a masonugtsiral element. Although they provide informatiamly at
the global level, since they are often based orplffied approaches that do not model accuratelyltival
behaviour, macro-elements owe their large diffusamthe numerical simplicity implied in the metha@dwell-
known macro-element was proposed by Lagomarsirad. 6] and Penna et al. [7], which models the ulex
response through two interfaces where the axiardeftions are lumped, and the shear response theodgmage
uniaxial model. The model derives from the inteigratof the continuum model proposed by Gambaratth a
Lagomarsino [8], and remains uncoupled from theuflel response.

A slightly more refined approach for the equivalémaime modelling of URM building is represented by
beam models, in which global quantities such ashfadces and displacements are computed togetitietogal
guantities (strains, stresses and sectional defmns, to which the limit states of the elemerds be related.
Among the beam element models with distributedtiglifyg force-based formulations are often prefdrover
displacement-based elements because the forceadtdton functions verify strictly equilibrium inagh
integration point. The sectional response is typicaodelled through discretising the section ifitwes. This
approach is well established for reinforced comceatd steel members and can be extended to URMeetem
Several authors have investigated the use of foased beam models with fibre sections for the aisabf URM
structures and these works are reviewed in theviatg.

Force-based beam models for modelling the respoind®&M walls were proposed by Roca [1] and more
recently by Addessi et al. [9], resorting to simplen-linear elastic constitutive models through akhthe
numerical integration throughout the sections caraboided. However, these models only allow to eryp
simulate the monotonic behaviour of the elementaAsore complex approach, applicable to the cyelge,
Raka et al. [10] recently proposed a force-basadhbelement with numerically integrated fibre setifor URM
walls. The nonlinear behaviour in shear was tackled phenomenological cyclic law, uncoupled frém éxial
behaviour, describing the shear force-deformatiationship at the sectional level. Effects of theiable axial
load on the shear capacity, and the influenceepértialisation of the section on the shear behayare therefore
not captured.

A proposal for a beam element coupling shear amal &ehaviour directly at the fibre level is given
Ghiassi [11]. Although not formally termed as folmsed beam element, the proposed approach, basad o
curvature analysis and an iterative procedure lieesequilibrium at the integration section, cancbesidered an
equivalent method to the classical formulation dbrce-based beam element. The material modelréheer
complex biaxial orthotropic model, using the ratgtcrack approach.

The present study proposes a force-based beam reldanethe modelling of URM walls that couples
bending and shear behaviour. It is applicable ¢éociftlic range, opening up the possibility of cortithg a large
number of nonlinear time-history analyses withraited numerical burden, which is one of the mogteafing
features of equivalent frame models. The axial simear behaviour is coupled at the fibre level byamseof a
simple biaxial mechanical model, which is basea dohr-Coulomb type law. This model has been imgletad
by the authors in the software Opensees [12] alid@iavailable as a free tool for the researchmodessional
community.

This paper presents the central idea of the fornamaf the material model, and compares numedaal
experimental results of a wall failing in flexurehe adequateness of a beam structural model tailbiedbe
kinematics of a flexure-dominated masonry wall iscdssed through the comparison with experimental
deformation fields. The accuracy of the numericaldel is not only checked on the global level (ferce
displacement response) but also on the level @l Isirains, and the modelling details that allowroelucing
correctly the local response are briefly analysed.
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2. Formulation of the beam element

2

The assumption of a standard Timoshenko beam nfmdgimasonry pier implies the acceptance of therkiatic
hypotheses related to the beam theory, among wthietstrongest and more questionable for squat mason
elements are the adoption of a continuum materadeh a constant distribution of shear strainshengection
and the planarity of the section in the deformenfigaration. The latter condition in particular ca@ considered

a rather crude approach; however, the strain fimielgsured in experimental campaigns, as will bevshoonfirm
that the planarity of the section may be assumeldowt introducing large errors, at least for wabkhibiting a
flexural behaviour.

For what concerns shear deformations, after thetarfsdiagonal cracking in a shear wall, a non-amif
shear strain distribution is typically observed][}8owever, it is not possible to model the trualiveearity of the
shear deformation in the framework of the Timosliebkam theory. Although alternative structural the
(higher order beam theories) can relax this latedition assuming different deformation modegtierdeformed
section, in this study the classical Timoshenkab#eeory is applied. One main reason is that higheéer beam
theories require the introduction of additional i3 of freedom at the nodes, or assumptions arrdafion
guantities, that render the implementation in saaddinite element codes less straightforward.

If one adopts a material model that assumes thHgttlbea compressed portion of the section contribtite
its shear capacity—such as the model proposed bg Rd— the nonlinearity in the shear responseaigialy
captured. The shear deformations remain, howewasstant along the cross section and are therefm@uated
for only in an average sense.

The use of a force-based beam element is suggegtéte highly nonlinear curvature profiles along th
height that are obtained from experimental teskes€ profiles show the development of a region &inen-
linear deformations concentrate [14]. In the contexdistributed plasticity, these deformation fled can be
efficiently simulated by force-based beam elememikile the constraints in the deformation profilé o
displacement-based elements do not allow to cdyresppresent such concentrations of deformatiortjquéarly
when only one element is used along the heighiefriember.

The standard formulation of the Timoshenko forceeoh beam element as already implemented in
Opensees [12] is adopted. Fig. 1 shows some funataim@operties of the formulation. Shape functiansused
to calculate sectional forces from the nodal foressuring in this way strict equilibrium at eacttegration
section. The plane section hypothesis is usedltolese the strains (both normal and tangential moments) at
fibre. A nonlinear bi-dimensional material modehdhen link these deformations to the stressegueting for
their interaction.

Fig. 1 — Formulation of the force-based beam elémith coupling between axial and shear stress

Once the stress-strain response at the fibre ieestablished, numerical integration is perforraletg the
section, and an iterative element-section statrh@ation cycle has to be performed at each Itea] sendering
the solution of a force-based element less direatomparison with a standard displacement-basedesie
Methods avoiding this internal iteration are avaliain the literature; however, they are not neaelysmore
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efficient. The element implemented in Opensees iepthe standard method requiring an internal state
determination cycle as it has been originally psmab by Spacone et al. [15]. With regard to theiaig
formulation, a modified version [16], using the Tglhenko beam theory to account for shear deforitygbd
implemented in the software.

RS

2.1 Material model

The nonlinear response of the element originaten the nonlinearity of the material model. Sucheriat model
should describe all nonlinear phenomena triggemdd-plane loaded masonry walls, namely rockinfestural

failure and shear failure for diagonal crackinglading. It has further to account for their comgli As a minimum
requirement, the used material model has to beulated in a two-component strain/stress vectoduding

normal and tangential stresses. If a generic twthree-dimensional material model is adopted, sbhypetheses
have to be applied to the stress and/or strain caens that are not considered by the beam moHelstndard
approach is to use a local iterative cycle whichases that all non-modelled stress componentsjai ® zero.

The material model should describe complex nonfipeanomena, such as:

- Crack opening in tension, and crack closure dgersed loading with stiffness recovery in compoesdo
properly model the rocking behaviour;

- Compressive failure to model toe crushing, wéidual strains after damage in compression;

- Shear failure through a criterion able to take excount the influence of the axial load variatmd of the
decompression of part of the section under bending;

- Resistance to sliding along closed cracks, iticyocking. This feature is complex to model wightropic
models that describe damage with scalar quantitdspendently of the direction, as the shear &l
strength would be improperly coupled with the tensirength.

Considering these requirements, with the aim oftilng the complexity of the material model, a simpl
constitutive model coupling axial and shear respomas formulated and implemented as a new corigétut
relationship in Opensees. Fig. 2 represents thagth domain of the material model. The coupliatpleen axial
and shear stresses is ensured by the use of a Gtalomb (MC) type criterion, imposing a limit toettshear
stress at each fibre depending on the current sixeds. To keep the simplicity of the formulatithg compressive
failure is considered independent from the sheassts, being the Mohr-Coulomb condition the omigraction
between axiald) and sheart] stress components.

A

Fig. 2 — Yield domain of the material model

The basic steps in state determination of this Erb@mxial material model are (1) the computatiérhe
axial stress from the axial strain through a steshdae-dimensional model, and (2) the computaticthe shear
stress based on the shear strain and on the updgaltesl of axial stress, using a plastic model fogas. The
material model adopted to describe the axial behag the material Concrete 02, as already impieetkin the
source code of Opensees. This model describes essipe damage and degradation of stiffness, hgitdrethe
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loading-reloading cycles, limited tensile strendihear softening both in tension and compressieocgvery of
stiffness after crack closure, and a residual gtfeim compression.

RS

After computing the axial stress, the Mohr-Coulooniterion is applied to model inelasticity in thieesir
response. The use of a standard plasticity modaigsthat there is no evolution of plastic sheeaiss during
unloading. This hypothesis is not acceptable fergkial behaviour, in which crack closure playsiadamental
role in the global response, but may be adoptegHear deformations. However, although tests effates in
shear show a basically elastic unloading branchtlaakfore confirm this hypothesis, the shear bighaof a
section after diagonal cracking is in general nuan@plex.

The formulation of the plastic model for shear aséd on the model proposed by Lourenco for integfac
[17], considering only the frictional criterion,rfoalised in the standard formulation of eq. 1 tigtothe yield
function fy,. No dilatancy was accounted for. The cohesiand the friction angle are expressed as function
of the hardening variable, ., whose evolution is linked to the plastic multpli and the rate of plastic straip
through eq. 4. The adopted hardening/softeningtiomg are formalised in eq. 2-3, depending on oaterial
parameter, the fracture energ}’ for mode Il fracture. The degradation of the cotess modelled by an
exponential softening law, while the initial frioti angleg;, can degrade with evolution of the plastic strain
maintaining a residual strengfly;,,. The degradation of the material parameters issho Fig. 3.

fuc = Itl + otan p(ryc) — ayce (kpe) (1)
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Fig. 3 — Softening laws adopted for shear failwigh degradation of the cohesion and of the frictamgle
(mechanical parameters= 1 MPa, tai, = 0.4, tangsin = 0.2)

For each strain increment, an implicit return magpscheme is applied. The structure of the equattiows
reducing the problem to the solution of one norimeguation, obtaining the increment of the plastidtiplier at
stepn+1 and, from this, all the related variables. Thigapn is solved through a Newton-Raphson cyceaah
step. Once the plastic multiplier and the stresséabe step+1 are determined, the algorithmic tangent matrix
can be calculated from eq. 5-6 [17]. It can be didbat the adoption of a zero dilatancy angle,@cehthat was
aimed at decoupling the evolution of axial stragsstrain from the shear criterion, led to a nomsetric tangent
stiffness matrix. This means that the flow ruleshswn in Fig. 1, is non-associated.

hyge = [Un+1 (tan¢>fin—tan¢,-n)] domC (5)

c 6KMC
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Ten material parameters are required to charaetarsnpletely the response of this material: the
compressive strengif, the initial Young’s modulus, the residual strénigt compression, the fracture energy in
compressiorGy, the tensile strengtfi, the fracture energy in mode?}, the initial and residual friction angles
¢in andgy;,, the cohesiom and the fracture energy in mode?}ll’. An example of the resulting cyclic behaviour
at the local scale is shown in Fig. 4 for the aaiadl shear components.
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Fig. 4 — Cyclic behaviour of the material modetompression (a) and shear, under a constant azidl(b).
Main material properties; = 5.7 MPaf; = 0.25 MPag¢ = 0.25 MPa, tagin = 0.4, tangsin = 0.2,ch =8 N/mm,
Gf =0.05 N/mmgG/' = 0.5 N/mm

3. Element response under different loading conditions

The behaviour of the material at the local levakdaines completely the cyclic response of the el@mThe
force capacity is determined by the prevailinguigl mechanism, showing a combination of flexure simebar
when the two failure loads are similar. The strargpmain follows the prediction of force capacitytained
through code provisions [18], obtained using thgressions given in eq. 7-9, whétés the applied axial loadl,
andt are, respectively, the length and the thicknesiseofvall,Ho is the shear span afidhe compressive strength.
The criteria considered for shear failure are tl@hMCoulomb criterion applied to the gross sect@mmn the net
section. Accounting only for the partialised sectio determine the shear capacity allows considdhiat in the
cracked portion of the section the cohesive coutidin is null, while the frictional contributionmeins the same.

flexural force capacity: Vi = Hl . (% -3 81: 7 t) @)
0 . c
shear force capacity: Vmc,gross = Ntang + ¢ Lt (8)
_ N[3ctL+2tan¢ N
Vmcner = 3 [ 3ctHo+N ] ©)

Eq. 9 is obtained expressing the length of the cesged section in the hypothesis of a linear elastiterial with
no tensile strength. The similarity between nunarnd analytical predictions of the force capadiyives from
the assumption on the local or on the sectionall)®f the same failure criterion, a Mohr Couloratw!
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Fig. 5 — Shear force/axial force strength domaia oéntilever wall element (length 3.50 m, heig@62m,
thickness 0.20 m; material properties as in Fig. 4)

4. Comparison with experimental results

The performance of the proposed beam element wapared to a quasiatic cyclic test on one URM wall,
which was performed at EPFL [19]. The wall was towith hollow clay brick units and standard cembased

mortar. The whole test campaign consisted of sasgistatic cyclic tests on identical walls, teateder different

axial load ratios and moment restraints applieti@top of the walls. The test setup, shown in &jgzomprised

three servo-hydraulic actuators that could be ofiett in a fully-coupled mode. The two verticalwatiors allowed

applying an axial force and moment at the top efwhall simulating several top boundary conditiolnst tare

different from the standard cantilever and fixecei configurations typically applied in shear aodnpression

wall tests. Throughout the loading, the deformatibthe walls was recorded through a digital phodagmetric

measurement system, tracking the 3D position ofligh2 emitting diodes (LEDs) for each test uniheTwhole

dataset is publically available online [19].

Goemee 838 R
MLR ERaTE R S S T

......

.........

dod Sl b o Y

a) i Aok dpk
Fig. 6 —Wall PUP3 at failure (a), and test settnoysng the position of the three red actuatord1B}

Among the six tests, wall PUP3 was chosen for tmaparison with the numerical beam model that is
proposed in this paper. This test unit exhibitdtdeural failure, with crushing of masonry at tleetthat led the
wall to losing its lateral force capacity. The dim@ns of the wall are 2.25 m in height, 2.01 nleimgth and
0.20 m in thickness. A constant load of 419 kN wpplied at the top of the wall, corresponding taaial load
ratio of 0.18. A moment was applied at the topisadhrough the two vertical actuators, keepingmastant shear
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span of 1.5H, where H is the wall height. The nmagthanical parameters derived from material testaldrated
for the numerical model are reported in Table labsence of specific information on the inelastmpgrties in
shear, and considering the flexural failure modthefsimulated wall, the shear behavior was consitlelastie
plastic with no degradation of the cohesion andtilcton angle.

RS

The measurement of the LEDSs’ position at a frequeri@ Hz allowed calculating the strain fieldstire
wall throughout the experiment. A continuous disptaent field can be retrieved from the LEDs in ppraach
similar to the one used in the Finite Element Mdthinterpreting LEDs as nodes. Bilinear shape fonstwere
used to estimate the displacement field in the aosaprised between each group of four LEDs. Basethis
displacement field, the strain field was computeat. the plots in Fig. 7 and Fig. 9 strains are Waked in four
points for each 4-node element, in the positiohwwuld correspond to the integration points ineamdard Gauss
2x2 scheme. It is known that this type of 4-nodmreint leads to a poor estimation of the sheamstield for
pure bending deformations, as it is clearly the@ghe base of PUP3 wall, particularly in theckeal portion of
the base section. To obtain an enhanced estimatithre strain field in bending dominated elemeatspnstant
shear strain, calculated in the centre of the dlaaelral, is assumed for the whole element. Thaniassumption
that is a default option also in some finite eletreaues.

Table 1 — Mechanical parameters, measured in thecterisation tests or calibrated for the numérezdel

measure calibratet

fe 5.87MPe G} 0.05 N/n c 0.2 MPe
E 355( MPs¢ G}’ - tan ¢, 0.4

ft 0.25 MP& GJE 8 N/mr tan ¢sip, 04

The axial strain field that is computed from th@esimental results is shown in Fig. 7c. It is shdamthe
cycle with peak drifts of £0.4%. The axial straiatdbution is rather linear along the compressad pf horizontal
sections. These strain profiles confirm the poBsilio model such walls through beam models tsuae that
plane sections remain plane, which is a hypothbaiscannot be relaxed unless additional degrefrs@dom are
introduced (see Section 2). From the vertical straiofiles it is possible to obtain equivalent &mwl
deformations, i.e. curvatures and shear secticfalshations. To calculate these, only the comprepaet of the
section was taken into consideration. Linear regjogsof the vertical strains was used to compugectirvature,
while an average of the shear strains was appiedltulate the shear deformation.

The profiles shown in Fig. 7 correspond to largési(0.4% and 0.8%), at which the response ofwh#
was already heavily nonlinear, after decompressfdhe base sections (Fig. 8a). At early stageferé¢he onset
of nonlinear material response, the curvature lgrsfiowed the expected linear trend and the skefarrdations
were roughly constant over the height of the wittle increase in curvature for higher drifts, agtptbin Fig. 7,
applied only to the base portion of the wall, whidre majority of nonlinear phenomena occur (dec@sgion
and tensile cracking of the joints, and crushingampression in this case), while remaining lirieathe rest of
the element. The same consideration can be dortdmhear strain profile, confirming that the dapeoession
of part of the section affects also the shear dedtion. It would be therefore desirable to take imtcount this
interaction between flexural and shear behavicsw &l the numerical model, even if the model isiample as a
beam.

These sectional deformation profiles can be repredwvith force-based elements, in which no assumpti
is made a-priori on the shape of the deformatiafiler Much less suitable for reproducing a highbnlinear
increase of deformation are displacement-basedegitsnat least if only one element is used to modelwall.
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Fig. 7 — Curvature (a) and shear deformation (bjilps at two steps of the test (drift of 0.4% @&n8%); c)
vertical strain profiles along horizontal secti@ts drift of 0.4%

The failure mechanism in the tested wall consistetie development of an inclined crack throughriekb
starting at the level of the first mortar jointggesting that compressive failure should be loedlet a section at
one brick height above the foundation. The lowestisn showed a higher capacity in compressiorhaisty due
to the confinement effect of the concrete foundefisd]. This effect can be simulated in a beam rhtddeugh
introducing two integration points, chosen to matwhbase section and the section that actualdfaDifferent
material properties can be attributed to the twaiges, which account for the different degreesamifinement.
In the model proposed here the confinement effeacbt directly accounted for by the material motiedtead,
increased values of compressive strength and fiaetergy are assumed to simulate it indirectlyinarease of
40% of the compressive strength and the fractueeggrwas adopted here.

It should be noted that a change in the positiothefintegration points requires a recalibratiorthaf
integration weights, as standard quadrature scheameso longer be applied. A Gadssbatto scheme with seven
integration points (IP) was chosen as starting tpaifter the adjustment of two integration pointe weights
have been re-computed according to the formulaifoposed by Almeida et al. [20], with the aim ofiopsing
the accuracy of the integration scheme. A schentteNvpoints, in fixed positions, for which the weiglfsthe
two extreme IPs are set, integrates exactly a potyal of orderN-3, sufficient to represent the expected
nonlinearity of the curvature profile.

Fig. 8 shows the comparison between the experirhglotzal response of the wall and the numericalltes
in terms of lateral force-displacement responseugntifting of the wall for rocking around the toehe numerical
and experimental curves show a fairly good mataih in the estimation of the force capacity andha
reproduction of the hysteretic behaviour. The tiplif of the wall is correctly predicted by the nuinal model,
as well as the stiffness degradation in the cyd&ponse. The model predicts that failure occutheasecond
integration section, i.e. at one brick height, ihégrees with the experimental observations. Theoss where
decompression is more relevant show also an inerefithe shear deformation, although flexure resaie
dominating failure mechanism.

The estimation of the displacement capacity isrotlet] by the choice of an appropriate value oftinee
energy in compression, at least for flexural fa@luBince the loss of lateral capacity is linkedatsoftening
behaviour of the material, and consequently, osgwdional moment-curvature behaviour, localisaple@nomena
become relevant in determining the post-peak respand must therefore be considered [21]. Thefap&aicture
energy, which is a material model input that detees the shape of the post-peak branch of thessstegin
relation, is expressed for a particular charadierlength. In this study a simple regularisati@chnique was
applied, which involved a different stress-stralation at each integration point, as a functiothefratio between
the integration weight and the characteristic lengt an equivalent approach to the constant fractmergy

9
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criterion proposed by Coleman and Spacone [22F &pproach allows avoiding completely localisatdffiects
in the global response for uniaxial tensimompression, but is just an approximate soluttrb&nding problems,

in which not only may the displacement capacityngjeafor different integration schemes, but alsihaaigh to a

minor extent, the force capacity.

150 T T T T T .
a) b)
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50
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=50+
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Experimental 2F Experimental ]
Numerical Numerical
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Fig. 8 — Comparison between experimental resulistiae global response of the beam element: a)force
displacement response and b) uplifting due to ragkbllowed by toe crushing failure

This method leads to minimising the non-objectivesa the global response, but can give rathealistie
values of local strains in the post-peak branckhefresponse. If it is necessary to link the ligtétes of the
element to local measures of deformation, thisufeammay be problematic. The choice of a propemgnat#on
scheme, able to model correctly the experimentalature profiles would overcome this difficulty, a®lls as
more advanced approaches, as the one proposed rgidal et al. [20]. However, experimental data on

deformation profiles, or good estimations of a fitasinge length, are needed in any case, beingfter available
for masonry elements. In Fig. 9 the comparison betwexperimental and numerical results at the sfdteal

strains shows that such considerations, and thdahiity of detailed experimental data, allow far good
estimation of both the global response and thd efarmation measures.
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Fig. 9 — Comparison of local deformation fields.rtal strain field of the numerical model (a) ahe tested
wall (b); shear strain field of the numerical mo@®land the tested wall (d)

5. Conclusions
The observation of experimental displacement argirsffields confirmed that the kinematics of a €lex

dominated URM brick wall is well approximated bigeam model, and quantities such as curvaturesamtiosal
shear strains can be derived from experimental aneasThese sectional deformations show a nonlinexdile

along the height that can be captured effectivglyalsingle forcébased element, while the assumptions on the
deformation profiles of a single displacement-bastginent are not adequate to describe the expemdinen

curvature and shear deformation profiles.
The increase of shear deformation in partially degessed sections suggests an interaction between

inelastic phenomena in flexure and shear [14], Wisttould also be reflected in numerical models.pgBog the

axial and shear response at the fibre level thr@konstitutive relationships can model diredtigtinteraction

and is able to reproduce with fairly good accurttey experimental deformation profiles and locahiss of

flexural dominated URM walls, as well as the glotesponse of the element.
When material models that include softening arel usealisation issues affect strongly the respamsiee

post-peak branch. Adequate assumptions and madibficaof standard integration schemes allow reprivdy
accurately local strains and deformations measuartte presented experiment, as well as the treadikation of
damage. However, experimental evidence is in asg oaeded to justify the choice of an integraticheme or
of a method to avoid localisation issues, if actaurasults at local scale are needed.

Further research is needed to validate the useasfimodels for unreinforced brick masonry wallsighg
a shear-dominated behaviour, checking the accufthe structural model in describing the realistgofiles

and the adequateness of a material model of tleefymposed in this study to capture the cyclicaasp of the
wall. Furthermore, the comparison between numereal experimental deformation profiles and hysteret

curves, in a consistent number of tests that devdifferent types of failure, can constitute a basealefine
reference values for the parameters of most diffabetermination, such as fracture energies, akagghe most

suitable integration schemes or regularisationrtiegles to apply. This validation procedure wilballminimising
the non-objectiveness of the response and at the me obtaining accurate local strains that cbeldelated to

the limit states of the element.
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