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ABSTRACT

The seismic assessment of existing masonry bugdsgased on the prediction of their nonlinear
response under lateral loading. This requiresiahiel estimation of the force and displacement
demand. For this purpose, modelling strategiesgusiructural component elements are widely
applied both in research and in engineering practgince they can provide a satisfactory
description of the cyclic behaviour of a masonritding with a limited computational cost. One
of such modelling strategies are equivalent franoglets, in which beam elements describe the
response of piers and spandrels.

This paper proposes the use of two-node, forceeblasam elements with distributed inelasticity
to model the in-plane response of modern unreiefblrick masonry panels. The nonlinearity of
the response is described through the use of noatigrintegrated fibre sections and a suitable
material model, implemented for this scope in theresource platform “OpenSees”, describing a
coupling at the local level between axial and shieaponse. Experimental results from a shear
and compression test are used to validate the apiprand justify some details of the proposed
modelling strategy. Since the experimental datéuded also local displacement measures, the
comparison of the numerical and experimental ressilextended to curvatures and shear strains.
The good agreement between numerical and expe@h@sponse confirms the applicability of
the proposed approach for modelling the cyclic easp of unreinforced brick masonry walls.
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INTRODUCTION

The assessment of the seismic behaviour of magnnigings through refined procedures, such
as static non-linear analyses or incremental dyoanalyses, requires the use of accurate and
efficient numerical tools for the prediction of ts&uctural response, in terms of strength and
displacement capacity, in the monotonic and, whesdad, in the cyclic range. In this context,
beam models, despite the strong kinematic assungptiwat they imply, still represent typically a
very good compromise between accuracy of the degmmiof the cyclic response on one side, and
simplicity and computational efficiency on the atkele [1-3].

Beam models of masonry walls are meant to be apfdiequivalent frame modelling approaches,
in which the structure is simplified into a framedeformable elements, corresponding to piers
and, when present, spandrels, connected by rigiésidn equivalent frame models, damage is
usually assumed to concentrate in the deformatdenbeor macro-elements, which have to give a
complete description of the response of the stratalement, including all the relevant non-linear

phenomena and failure mechanisms that can affestiéh as the opening and closure of joints in
flexure and the diagonal cracking of joints ancergually, units in shear. Failure mechanisms are
typically classified into flexural or rocking faile, and shear failure for diagonal cracking ors les

often, for sliding in the joints [4]. However, irddition to these pure modes, mixed failure

mechanisms are often observed in experimental [tests

Equivalent frame models for URM buildings make oftese of macro-elements developed to
reproduce the global force-displacement responsenadisonry structural element. Although they
provide information only at the global level, maaements owe their large diffusion to the
numerical simplicity implied in the method. A wdéihown macro-element was proposed by Penna
et al. [7].

A slightly more refined approach for the equivaldrame modelling of URM building is
represented by beam models, in which global questguch as nodal forces and displacements
are computed together with local quantities (sgastresses and sectional deformations). Among
the beam element models with distributed plasti¢dyce-based formulations are often preferred
over displacement-based elements because the iotempolation functions verify strictly
equilibrium in each integration point.

Force-based beam models for modelling the respoh&&®M walls were proposed by Roca [1]
and more recently by Addessi et al. [9], resortmgimple non-linear elastic constitutive models
through which the numerical integration throughthg sections can be avoided. As a more
complex approach, applicable to the cyclic rangkaret al. [10] recently proposed a force-based
beam element with numerically integrated fibre isast for URM walls. The nonlinear behaviour
in shear was tackled by a phenomenological cyele, luncoupled from the axial behaviour,
describing the shear force-deformation relationsttithe sectional level. Effects of the variable
axial load on the shear capacity, and the influeidbe partialisation of the section on the shear
behaviour, are therefore not captured.



The present study proposes a force-based beam rdléonethe modelling of URM walls that
couples bending and shear behaviour. It is apgidalthe cyclic range, opening up the possibility
of conducting a large number of nonlinear timedmganalyses with a limited numerical burden,
which is one of the most appealing features of \veent frame models. The axial and shear
behaviour is coupled at the fibre level by meana sfimple biaxial mechanical model, which is
based on a Mohr-Coulomb type law. This model haanhmplemented by the authors in the
software OpenSees [12] and will be available asea fool for the research and professional
community.

This paper presents the central idea of the fornamaof the material model, and compares

numerical and experimental results of a wall fgjlin shear. The adequacy of a beam structural
model to describe the kinematics of a shear-domthatasonry wall is discussed through the

comparison with experimentally obtained local defation measures.

FORMULATION OF THE BEAM ELEMENT

The assumption of a standard Timoshenko beam ni@mdalmasonry pier implies the acceptance
of the kinematic hypotheses related to the beamryhemong which the strongest and more
guestionable for squat masonry elements are thptiadoof a continuum material model, a
constant distribution of shear strains on the saaid the planarity of the section in the deformed
configuration. For what concerns shear deformatiafter the onset of diagonal cracking in a
shear wall, a non-uniform shear strain distribut®ypically observed [13]. However, it is not
possible to model the true nonlinearity of the shdaformation in the framework of the
Timoshenko beam theory. Although alternative stmadttheories (higher order beam theories)
can relax the latter condition assuming differegfiodmation modes for the deformed section, in
this study the classical Timoshenko beam theoapdied.

If one adopts a material model that assumes thigt the compressed portion of the section
contributes to its shear capacity—such as the moaglosed by Roca [1]— the nonlinearity in
the shear response is partially captured. The stefarmations remain, however, constant along
the cross section and are therefore accountednlgrio an average sense. However, the use of
suitable material models can provide a rather eefidescription of the global behaviour of the
element, despite the approximation that is madeaa strains.

The use of a force-based beam element is sugdegtend highly nonlinear profiles of sectional
strains (i.e. curvatures and shear deformatiommgathe height of a masonry wall, that are
observed in experimental tests. These profiles ghevdevelopment of a region where non-linear
deformations concentrate, that can be efficienthusated by force-based beam elements, which
do not make any assumption on the linearity of slefbrmation profiles.

The standard formulation of the Timoshenko forcedaoabeam element as already implemented
in OpenSees [12] is adopted. Fig. 1 shows someafuedtal properties of the formulation. Shape
functions are used to calculate sectional forcesifthe nodal forces, ensuring in this way strict



equilibrium at each integration section. The pls@etion hypothesis is used to calculate the strains
(both normal and tangential components) at thefiBrnonlinear bi-dimensional material model
can then link these deformations to the stressesuating for their interaction.
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Fig. 1 — Formulation of the force-based beam elemewith coupling between axial and
shear stress

Once the stress-strain response at the fibre igestablished, numerical integration is performed
along the section, and an iterative element-sediate determination cycle has to be performed
at each load step, rendering the solution of aeftv@sed element less direct in comparison with a
standard displacement-based element.

Material model

The nonlinear response of the element originatas the nonlinearity of the material model. As
a minimum requirement, the used material model tbabe formulated in a two-component
strain/stress vector, including normal and tangérdiresses. In order to be able to model all
nonlinear phenomena that characterise the respdnsglane loaded masonry walls, the material
model should describe complex nonlinear phenonsreh as:

- Crack opening in tension, and crack closuredoersed loading with stiffness recovery in
compression, to properly model the rocking behayiou

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

- Shear failure through a criterion able to tak® iaccount the influence of the axial load
variation and of the decompression of part of #tien under bending;

- Resistance to sliding along closed cracks, idicyocking. This feature is complex to
model with isotropic models that describe damagi wcalar quantities independently of the
direction, as the shear frictional strength woutdrproperly coupled with the tensile strength.



Considering these requirements, a simple constgutiodel coupling axial and shear response
was formulated and implemented in OpenSees. FigpBesents the strength domain of the
material model. The coupling between axial and sk&asses is ensured by the use of a Mohr-
Coulomb (MC) type criterion, imposing a limit toetlshear stress at each fibre depending on the
current axial stress. Compressive failure is carsid independent from the shear stresses, being
the Mohr-Coulomb condition the only interaction Wweén axial § and shear zf stress
components.

Fig. 2 — Yield domain of the material model

The basic steps in state determination of this krbjaxial material model are (1) the computation

of the axial stress from the axial strain througbtandard one-dimensional model, and (2) the
computation of the shear stress based on the straar and on the updated value of axial stress,
using a plastic model for shear. The material madebted to describe the axial behaviour is the
material Concrete 02, as already implemented instvece code of OpenSees. This model
describes compressive damage and degradationffoiest, hysteresis in the loading-reloading

cycles, limited tensile strength, linear softenimgth in tension and compression, recovery of
stiffness after crack closure, and a residual gtfeim compression.

The formulation of the plastic model for shear asd&d on a modification of the model proposed
by Lourenco for interfaces [14], considering orlilg frictional criterion, formalised in the standard
formulation of eq. 1 through the vyield functigy.. Zero dilatancy was accounted for. The
cohesiorc and the friction anglé are expressed as functiog, of the hardening variabley,,
whose evolution is linked to the plastic multiplieand the rate of plastic straip, through eq. 3.
The adopted hardening/softening functions diffenfrthe original model, featuring a parabolic
hardening and a parabolic-exponential softeningcivldiepends on one material parameter, the
fracture energ;@}’ for mode Il fracture. The initial friction anglg,, can degrade with evolution
of the plastic strain maintaining a residual sttangy;,. For each strain increment, an implicit
return mapping scheme is applied.
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Since the cyclic behaviour of materials affectedckycking is poorly modelled by the classical
theory of plasticity, several extensions have bpmposed to properly account for inelastic
phenomena during unloading and reloading cycles. &pproach followed here is similar to the
one adopted by Oliveira et al. [15], making usewxXiliary unloading surfaces that govern the
variation of plastic strains. The evolution of ssthifaces is governed by hardening laws that can
reproduce a complex behavior of the material, agylas they respect few mathematical
constraints, discussed in detail in Oliveira [16]this context, a simple linear evolution law was
applied, modelling a loss of shear stiffness dfterdevelopment of large inelastic strains, siryilar

to the model proposed by Aref and Dolatshahi [Af].example of the resulting cyclic behaviour
at the local scale is shown in Fig. 3 for the aaiadl shear components.
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Fig. 3 — Cyclic behaviour of the material model icompression (a) and shear, under a
constant axial load (b, c). Main material properties: fc = 5.7 MPa,f; = 0.25 MPa,
¢ =0.25 MPa, tangin = 0.4, tangsin = 0.2,G§ = 8 N/mm, G; = 0.05 N/mm,Gf' = 0.5 N/mm

COMPARISON WITH EXPERIMENTAL RESULTS

The performance of the proposed beam element wapared to a quasi-static cyclic test on one
URM wall, which was performed at EPFL. The wall waslt with hollow clay brick units and
standard cement-based mortar. The whole test cgmpansisted of six quasi-static cyclic tests
on identical walls, tested under different axiadaatios and moment restraints applied at the top
of the walls. The test setup, shown in Fig. 4, cosegl three servo-hydraulic actuators that could
be controlled in a fully-coupled mode. The two et actuators allowed applying an axial force
and moment at the top of the wall simulating seviea boundary conditions that are different
from the standard cantilever and fixed-fixed coufagions typically applied in shear and
compression wall tests.



Fig. 4 —~Wall PUP1 at failure (a), and test setup h®wing the position of the three red
actuators (b) [18]

Throughout the loading, the deformation of the walWas recorded through a digital
photogrammetric measurement system, tracking thg@§ition of 312 light emitting diodes
(LEDs) for each test unit. The measurement of B4’ position at a frequency of 2 Hz allowed
calculating the strain fields in the wall throughthe experiment. The whole dataset is publically
available online [18].

Among the six tests, wall PUP1, which was modeilledugh the presented approach, exhibited a
clear shear failure mode, with the developmenivofdiagonal cracks. The dimensions of the wall
are 2.25 m in height, 2.01 m in length and 0.2(thickness. A constant load of 419 kN was
applied at the top of the wall, corresponding t@aial load ratio of 0.18. A moment was applied
at the top section through the two vertical acttstkeeping a constant shear span of 0.5H, where
H is the wall height. The main mechanical paransetlrived from material tests on masonry
wallets (compressive strength and elastic modutusalibrated for the numerical model are
reported in Table 1.

Table 1 — Mechanical parameters, measured in the ahacterisation tests or calibrated for
the numerical model

measure calibrate«

f. 5.87 MPe¢ G} 0.05 N/n c 0.20 MPe¢
E 355( MPe G]{I 0.30 N/nr tan ¢;y,, 0.40

fi 0.25 MPe Gf 8 N/mr tan ¢yin, 0.13

Fig. 5 shows the comparison between the experihghbhal response of the wall and the
numerical results, in terms of lateral fordisplacement response. The Mohr-Coulomb criterion
used at the material level controls the force ciypad the wall. The displacement capacity is
governed by the fracture energy in mode II, whiefirges the post-peak behaviour of the material
in shear. The accumulation of damage, and the qoese loss of lateral strength, after repeated



cycles, is captured by the model. However, as tigt peak behaviour is rather sensitive to the
choice of the fracture energy in shear, which fecéd by a large uncertainty and seldom
measured in experimental campaigns.

The energy dissipation depends on the model foddyeadation of the shear stiffness after large
plastic deformations. Classical plasticity modeisth no evolution of plastic strains during
unloading, lead to an overestimation of the eneliggipation of the wall. On the contrary, if a
reduced stiffness is accounted for, an improvedeatiod of the cyclic response of the wall is
obtained. In Fig. 5, a linear reduction of stiffeegp to 30% of the initial stiffness at a plastrais

of 1% was calibrated to improve the match the wiperimental results in the unloading branches.
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Fig. 5 — Comparison between experimental results dnumerical force-displacement
response of the beam element

The experimental displacement and strain fieldsutated from the LEDs measurements and
presented in Fig. 6B, confirm that shear dominated walls presentmheftion modes that are not
captured well by classical beam theories, whichiypate that plane sections remain plane after
deformation. Fig. 6¢ shows the amplified displacetfield measured for the wall PUP1 at 0.15%
drift, after the onset of diagonal cracking. A wiagpdeformation due to shear, together with the
opening of the diagonal crack, can be observedléNhe latter cannot be described directly by
beam models, the warping of the section could lpucad by higher order beam theories. As
mentioned, however, the warping deformation modgliea the use of an additional degree of
freedom at the nodes, and the introduction at gotiaal level of two generalised forces and
deformations (a warping moment and a warping shear)

The deformation fields calculated for axial and ashetrains are largely affected by the
development of diagonal cracking, which renders dbénition of the sectional strains more
complex, and less objective, compared to the caiexare dominated walls. If the strain profile
along horizontal sections is approximated by aadinét, however, curvatures and shear



deformations can be computed for each section. ddmparison between the numerical
predictions and the experimental measures is shiowfig. 6d for 0.15% drift. The order of
magnitude and the profile of shear strains agreesw®rage with the experimental measure.
However, in the numerical model, the deformatiomhi& post peak localises as expected in only
one section, which is here the base section. Fabr sliear dominated walls, therefore, both for the
approximations introduced by the structural moatel Bor numerical reasons, the comparison of
local deformations is less accurate than it ishim ¢ase of flexural walls. However, despite the

reduced accuracy of the modelling of the sectioespponse, the overall behavior of the wall could
be captured.
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Fig. 6 — Local experimental deformation fields: vetical strains, (a) and shear strains (b).
Deformed displacement field with warping of the se@ns due to shear (c). Comparison of
experimental and numerical curvature and sectionashear deformation profiles (d)



CONCLUSIONS

Shear dominated walls exhibit a complex deformatiietd, characterized by a nguanar
deformation of the sections and inelastic phenop&nzh as diagonal cracking, that influence the
response of the element. However, curvatures adiibsal shear strains can be derived from
linearization of the experimental strains, and showonlinear profile that can be modelled
effectively by a single force-based beam elemeontpling the axial and shear response at the
fibre level through 2D constitutive relationshigmanodel directly the interaction between shear
and decompression of the sections, and is ableepooduce with sufficient accuracy the
experimental average deformation profiles of URMIsyaas well as the global response of the
element.

An improved plasticity based model able to captheeinteraction of shear and axial stresses, and
to describe both the loss of strength and the temtuof shear stiffness after large deformation has
been implemented in OpenSees. When used in corrdningith a force-based element it provides
a satisfactory modelling of the cyclic responsa ehear dominated URM wall. If material models
that include softening are used, localisation issaféect strongly the response in the post-peak
branch. The choice of suitable material parametefising the post peak (fracture energy in mode
II) and the cyclic behavior (loss of stiffness)vgms the modelling of the deformation capacity
and the loss of strength for accumulation of damage

Further research is needed to improve the modediintpe cyclic behavior of the implemented

material model in shear, through more complex eiwmtulaws that can capture better the
characteristics of the cyclic response of a shé&dviwall. Furthermore, the application of refined

structural models, such as higher order beam teeonodelling the warping of the beam section,
can be investigated, as they could significantlgrove, although at the cost of a higher numerical
burden, the description of the experimentally obseédisplacement fields.
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