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Abstract. Unreinforced Masonry (URM) has been extensively used as a construction material
in mass structures with predominant compression load paths. Despite its reasonably
established performance under gravity actions, it can be quite vulnerable to seismic loading,
predominantly due to its limited tensile strength and associated quasi-brittle failure modes.
Therefore, a reliable seismic assessment of URM structures, including heritage buildings, is
vital to ensure life safety and minimise their risk of collapse. This can assist in implementing
effective remedial measures, if required, to ensure desirable performance level in future events.
Despite significant advancements in masonry research, practical assessment of URM has
always been a challenge for structural engineers due to the complexity of the mechanics and
geometry involved. Different modelling approaches have been trialled so far, which are
typically based on equivalent frame, discrete and continuum elements in 2D/3D domains. In
this paper, a simplified nonlinear model is introduced within the framework of conventional
layered shell elements, which can be easily implemented in commonly used FE packages, e.g.
ETABS and SAP2000. In this model, the URM shell element comprises three layers accounting
for cohesion and axial-frictional behaviour parallel and perpendicular to the bed joints, where
the mechanical properties can be adjusted for various masonry configurations. The
performance of the proposed model is validated against several experimental tests available in
the literature, where a good correlation with test data is achieved across various design
scenarios and loading conditions.
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1 INTRODUCTION

Masonry is one of the oldest construction materials in the world, which has widely been used
in buildings, especially low-rise commercial and residential buildings, in different sizes, shapes,
and materials. Unreinforced Masonry (URM) is the simplest form of masonry construction and
while it is well suited for bearing gravitational loads, it is prone to lateral loads and foundation
differential settlement, mainly due to its limited tensile capacity and ductility.

The analysis of URM buildings is a challenging procedure due to geometrical and
mechanical complexities, uncertainties associated with material properties, and possible
imperfections and cracking in existing buildings. Masonry, by its nature, is a heterogeneous
material, and its overall behaviour is characterised by its three constituent components, namely
blocks, mortar, and the bond between them [1]. The compressive strength of blocks and mortar
is usually higher than their tensile strength. The bond behaviour in shear comprises cohesion
and friction mechanisms, while the tensile behaviour is cohesion-only, and generally, the bond
strength is weaker than block and mortar. These result in an anisotropic material, where elastic
properties, strengths, and post-peak behaviour are directional dependent.

In past studies, significant efforts have been dedicated to the investigation of masonry
behaviour through experimental testing. The mechanical properties and failure mechanisms can
be assessed at the scale of the masonry components (block, mortar and bond) [2] and structural
elements [3]. The experimental tests have been performed on masonry components [4], wallets
[5], masonry walls [6], and full-scale masonry structures [7]. It should be noted that the
complexities associated with masonry structures extend beyond the mechanical properties
alone, and also depend heavily on the structural details and layout, e.g. the connection of walls
to horizontal diaphragms, the diaphragms’ flexibility, and interaction with return walls that can
all significantly affect the behaviour of URM [8].

In conjunction with experimental testing, there has been growing interest among researchers
in developing Finite Element (FE) modelling strategies of URM in the past half-century. D’ Altri
et. al. [1] categorised the modelling techniques into four groups, namely, (a) block- (b)
continuum- (c) microelement- and (d) geometry-based models. In the block-based or detailed
discrete models, the brick is modelled by block and the mortar is modelled by either an element
or a contact behaviour. This model can demonstrate clear representation of failure modes,
interaction between simultaneous in-plane and out-of-plane loading, but it requires extensive
computational demand. It is generally used for experimental validations and the calibration of
standard design equations, making it less suitable for engineering design and assessment of full-
scale structures [9], [10]. In the smeared continuum approach, the masonry walls are modelled
by a continuum body, in which there is no need to use small mesh discretisation and the mesh
size can be larger than the actual block/mortar size by utilising homogeneous constitutive laws.
In its preliminary versions, it was assumed that the masonry has no tensile capacity, and a linear-
elastic behaviour was assumed for compression [11], [12]. In advancement of this approach,
some nonlinear constitutive laws have been proposed based on fracture mechanics, damage
mechanics and/or plasticity methods [13], [14]. Several failure criteria have been formulated
and utilised for masonry behaviour such as tension cut-off, Coulomb friction, and a compressive
cap criterion [15]. Each criterion has been employed to capture a specific failure mode of
masonry. The continuum-based methods have been widely used in the modelling of historical
masonry buildings, which usually have complex geometry [1]. Despite the variety of the
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material models developed in the literature, only some have been successfully validated and
implemented in available advanced finite element software, such as DIANA and ABAQUS. In
the microelement (lumped plasticity) models, the focus is mainly on global seismic behaviour
of the structure. In this method, each wall segment may be categorised as either a pier or a
spandrel, whereby piers are akin to columns and carry vertical and lateral loads simultaneously,
and spandrels span between two adjacent piers and act more like beams. In this method, linear
elastic frame elements have been utilised to model the piers and spandrels, then nonlinear
hinges are assigned locally to the member to capture the inelastic behaviour as lumped plasticity
[16], [17]. Although the concept of lumped plasticity is simpler and readily incorporated in the
common commercial analysis software such as ETABS [18] and SAP2000 [19], it has its own
drawbacks. For example, its applications to buildings with arbitrary perforations/openings
forming irregular stacks of wall piers and spandrels may not be a straightforward task. Also, it
requires some initial indication of the loading, such as the level of axial compression in the
member, to properly define the friction properties of the representative shear hinges. Thereby,
the distributed plasticity approach in such cases may have a clear advantage over the lumped
plasticity approach. In geometry-based models, the structure is modelled as a rigid body.
Typically, this kind of modelling is useful to assess equilibrium and collapse mechanics of
URM walls [20], [21], but can fall short in capturing masonry behaviour in a progressive
loading scenario.

The development of a simplified yet reasonably accurate constitutive framework for the
modelling of orthotropic behaviour of masonry structures in commonly used commercial
analysis software (e.g. ETABS, SAP2000, Strand7, etc.) holds significant promise for structural
engineers and the building industry. This is the subject of this study, and it was achieved by
appropriate utilisation of nonlinear layered shell elements for unified modelling of masonry
piers, spandrels and even infills panels. The theory of the model is presented in the next section,
followed by its implementation in analysis software packages. The model is then validated
against several experimental studies available in the literature.

2 MATERIAL MODEL

The structural capacity of historical masonry structures has been generally assessed based
on design equations and prescriptive provisions in the international design standards using
linear elastic analysis in commercial finite element analysis software. With the introduction of
performance-based analysis and design concepts for seismic assessment of existing structures
and their successful incorporation into some international provisions by FEMA[22], ASCE [23]
and NZSEE [24], explicit nonlinear modelling of historical buildings holds significant merit in
the building industry to assess their structural performance under different earthquake records
and hazard levels using nonlinear static (Pushover) or dynamic (Time-history) analysis
methods. This objective has been achieved by either modelling concentrated/lumped plasticity
in potential plastic hinge regions within the members, or by explicit inelastic constitutive
modelling commonly known as distributed plasticity. The available guidelines and provisions
typically cover the former by characterising nominal plastic hinge properties and performance
levels for different actions and members, whereas the latter has been more extensively covered
in academic research.

Bed joint sliding is one of the common modes of shear failure in squat piers of low aspect
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ratio, which is typically expressed in design standards by a Mohr-Coulomb failure criterion as
shown in Figure 1, which is a function of bond and frictional resistance and considered to be a
displacement-controlled mode due to the relatively ductile residual component from the
sustained friction. The conventional Mohr-Coulomb failure criterion is capped with straight
cut-offs limits in tension and/or compression; however, a more realistic criterion would include
curved tension/compression caps to account for the possible interactions at high axial stress
levels such as that between shear friction and axial compression at high compressive stress
states. This results in a reduced frictional component for a combined high axial compression
and interface shear stress levels, which can be alternatively expressed by an idealised linear
compression cap with a representative slope (y) when axial compression stress exceeds a
critical limit (ociim). In lieu of a refined assessment, the so-called dilatation angle may be
approximated as y=(n-2¢)/4 for a lower bound limit state analysis as given in [25], [26]. On
the tension side, a sustained level of cohesion is generally considered for design purposes in
international standards [23],[24], which is typically considered as c¢/2, and the failure line in
Figure 1 is thus replaced with the dashed line intersecting the horizontal axis at f=c/(2p). A
similar shear failure mode may also be observed in short spandrels, but the friction component
arises from internal actions due to end restraints and/or externally applied load or prestress (if
present). However, axial compression can be generated at high chord rotations upon spandrel
cracking and degradation of the cohesion mechanism due to the restraints for geometric
deformations and the confinement provided by the neighbouring piers. An upper bound
estimate for this residual clamping effect is typically obtained by evaluating the axial stress
state associated with the diagonal tension failure of the spandrel [3].
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Figure 1 :An adjusted Mohr-Coulomb failure criterion to represent the shear fraction behaviour

In slender piers with high aspect ratio, flexural behaviour is expected to dominate the overall
response, which manifests as flexural tensile cracking along the bed joint and typically a
rocking mechanism in lightly loaded piers as flexural overturning mode about the toe with an
uplift over the heel. This mode is commonly considered to be ductile due to the inherent
ductility and prevalent signs of distress. For wall piers with high levels of axial compression,
toe crushing may govern the scenario, although it may also be observed at later drift stages of
arocking pier due to the second-order effects. This failure mode is categorised as a brittle mode,
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associated with the crushing of the material in a biaxial stress state over the compression stress
block zone. The final failure mode under consideration is the diagonal tension cracking in
spandrels and even piers, which can appear either in a stair-stepped cracking pattern through
mortar, and/or a diagonal cracking pattern through fractured bricks when mortar is stronger.
This failure mode is expected to be triggered in piers of intermediate aspect ratio and initiated
at half-height of the wall section. Diagonal tension cracking is also considered to be a force-
controlled failure mode.

For this study, the commercial FEA software package ETABS was selected for the
implementation of the proposed material model due to its common and globally widespread use
by structural design engineers, and the contribution of this study to engineering practice is due
in part to this fact. The numerical model is implemented using the nonlinear continuum layered
shell elements, which make use of properly calibrated directional behaviours to capture the
anisotropic behaviour of unreinforced masonry with a reasonable level of accuracy. The
proposed framework is equally applicable to SAP2000 or similar FEA software supporting
nonlinear layered shell elements with frictional behaviour.

For the axial-flexural response of the masonry elements, it is expected that the adaptation of
directional shell layers with representative uniaxial stress-strain curves for different orthogonal
material directions, i.e. horizontal and vertical directions for a regular bond pattern, should be
able to reasonably capture the expected behaviour and associated failure modes such as toe
crushing and rocking in piers, and flexural cracking in long spandrels. This acts like a Rankine
(maximum stress) failure criterion for limiting the compressive and tensile capacity in different
material directions and stress quadrants, and it neglects the possible interactions such as the
favourable effect of confinement in a biaxial stress state. These layers for the axial-flexural
response include a shear friction component which accounts for the enhancement in shear
resistance due to clamping from normal compression. In addition, a separate nonlinear shell
layer is included to represent the cohesive shear bond behaviour and its degradation. The
summation of these layers aims to capture the shear response including bond and frictional
components. Lastly, a linear plate element with adjusted stiffness (via thickness and/or stiffness
modifiers) is overlaid to represent the out-of-plane behaviour of masonry elements, and it is not
intended to precisely capture the interactions between in-plane and out-of-plane behaviours if
relied upon.

A nonlinear stress-strain curve is considered as shown in Figure 2 for representing the
uniaxial behaviour in each direction, which is in line with the recommendations in Eurocode 6
[27]. The behaviour in tension is assumed to be linear elastic up to the masonry’s tensile
cracking capacity, followed by linear strain-softening depending on the fracture energy and the
characteristic length of the FE elements where strain localization occurs. If desired, the linear
degradation may be replaced with a bilinear softening that can better resemble an exponential
decay. An elastic perfect plastic (EPP) curve may be assumed as a simplified alternative (also
shown in Figure 2) for both components, to improve the computational cost and convergence,
where the idealised curve is established based on the concept of equivalent strain energy up to
the ultimate strain capacity. As can be seen, the equivalent bilinear curve in compression has
adjusted initial stiffness and peak compression capacity and requires strain limits (e.g.
maximum allowable crushing strain) in place to assess the state of crushing at various structural
performance levels. The bilinear tensile behaviour essentially assumes a sustained level of
tensile capacity as an idealised yield capacity, which is considered to be half of the peak flexural
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tensile capacity in each direction. The vertical tensile capacity (fw) is generally small due to the
horizontal bed joints, and it can be approximated by fn~0.5chj/u according to Figure 1, where
Chj IS the masonry bed-joint cohesion and p is the friction coefficient. However, it is generally
neglected for design purposes, especially for a long-term analysis where the formation of cracks
along bed joints is highly probable. In contrast, the nominal horizontal tensile capacity (fi) can
be significantly higher due to the stair-stepped pattern of the masonry bond and tensile cracking,
which in the absence of vertical compression over the bed joint may be approximated as
fin~0.5chj/utasChj, Where cpj is the masonry head-joint cohesion and os is the bond pattern factor
taken as the ratio of the sum of horizontal crack length to the sum of vertical crack length.
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Figure 2 : Schematic illustration of the full and simplified stress-strain curves for uniaxial behaviour in
different directions

For the additional cohesive shear layer, a bi-directional shell layer is considered to represent
the cohesion capacity and its degradation, which is simply expressed by a linear strain softening
here as shown in Figure 3(a) in accordance with NZSEE [24] and ASCE [23]. Similar to tensile
behaviour, this can be enhanced with a bilinear softening if desired. An isotropic material with
a stress-strain curve per Figure 3(b) must be defined in ETABS such that the desired masonry
cohesion capacity (Cm) is obtained based on Mohr’s circle for stress as tci=(fci+fi)/4. Therefore,
pseudo tensile and compressive capacities are defined as fci=fi =2cm as per Figure 3(b) to
capture the target capacity, noting that the initial stiffness must also be adjusted accordingly
such that the resultant shear curve yields the expected shear stiffness.
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(a) cohesion behaviour (b) shear layer in ETBAS
Figure 3 : Stress-strain curves for the nonlinear shell layer representing cohesive behaviour
Similar to tensile behaviour, an idealised elastic perfect plastic (EPP) curve with an adjusted
maximum allowable strain may be considered as shown in Figure 3(b) to resolve the highly
probable convergence issues associated with strain softening and the so-called bifurcation
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problem when using conventional nonlinear solvers and conventional local continuum
formulations. When using such a simplified approach, it is essential to assess the strain levels
and ensure the limits associated with different performance levels are not exceeded. This can
be checked either locally or globally by the engineer, where the latter for example can be
assessed in ETABS by the aid of computational strain gauges for piers and spandrels.

The combination of cohesive and frictional layers is expected to capture the overall shear
response as schematically illustrated in Figure 4 and characterised in some international
standards, e.g. [23], [24]. The directional layers represent the axial-flexural behaviour. The
tensile capacity of the directional layers (if defined properly), alongside the frictional demand,
is expected to characterise the orientation of principal stress/strain planes and define the
principal tensile stress and the diagonal tension capacity. The probability for this failure mode
can be visualised by the contour plots for the principal tensile strain (€11 or €max), Whereas the
corresponding capacity can be inspected by the overall principal tensile stress plot (611 Or Gmax)
which is visualised in ETABS by the contour plot for the resultant principal force Fmax per unit
thickness (omax=Fmax/tw). Nevertheless, the diagonal tensile capacity (f4) as a force-controlled
component is separately assessed over the course of the analysis by checking the associated
shear capacity (Va) and drift limits for various members (piers/spandrels) in accordance with
the available design equations in ASCE [23] and NZSEE [24].
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Figure 4 : Overall shear capacity of the member combining cohesive and frictional components

3 VALIDATIONS

In this section, the proposed model has been validated against experimental test results
available in the literature including a solid URM wall, a perforated URM a URM wall prototype
subjected to footing settlement, and a two-storey frame building under lateral loading.

3.1 Manzouri Tests

Manzouri et. al. [6] performed lateral loading tests on solid and perforated URM walls,
specimens W3 and W4, which were subjected to 0.59 and 0.48 MPa overburden, respectively.
The mean material properties are provided in Table 1. The aspect ratio of the solid wall was 0.6
and the walls consisted of three wythes of bricks. The walls were modelled in ETABS with the
support and loading conditions consistent with the experimental tests. As can be seen in Figure
5, load-displacement responses of the FE simulation show a good correlation with the
experimental results. Also, the principal tensile strain contours, as indications of crack locations
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and patterns, reasonably agree with the reported crack pattern (See Figure 6 and Figure 7). Due
to the unidirectional nature of the nonlinear static analysis performed, it is noted that the
combination of expected crack patterns for push in positive and negative directions shall be
considered for a better comparison with the experimental pattern from cyclic loading. Toe
crushing and diagonal tension cracking were captured in specimen #3, whereas rocking with
bed joint sliding were identified in specimen #4.
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Figure 5 : Load-displacement of Manzouri tests [6] for W3 and W4 Specimens
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Figure 6 : Tensile strain contour and crack pattern in experimental tests, specimen W3
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Figure 7 : Tensile strain contour and crack pattern in experimental tests, specimen W4

Table 1 : mean mechanical properties of tested masonry in Manzouri tests [6]

Mortar Brick Brick Brick Initial
Masonry ~ Compressive compressive  compressive  Modulus of Tensile Shear Friction
Strength (MPa) strength strength Rupture Strength strength angle
(MPa) (MPa) (MPa) (MPa) (MPa)
#W3 18 #W411.7 2.6 21.6 3.9 2.6 0.05 50




A. Hassanieh, M. Gharib and M. King

3.2 Foundation Settlement Test

The effect of soil settlement due to tunnelling excavation on a masonry facade was
investigated using experimental tests and numerical modelling performed in [28], [29]. A scaled
1/10 model of a historic Dutch house, as shown in Figure 8(a), was tested under imposed
support settlement. The deflections and crack patterns were captured during the test.

(b)
Figure 8 : (a) Scaled specimen test setup and (b) FE model in deformed shape

The mean material properties are listed in

. The deformed shape is demonstrated in Figure 8(b). The contour plot for the maximum
principal strain is provided in Figure 9(a), which shows a reasonably good correlation with the
crack pattern from the test as shown in Figure 9(b). The model was able to reasonably predict
the initiation and propagation of probable cracks as well as different failure modes in the piers
and spandrels over the course of testing.

Table 2 : mean mechanical properties of masonry in the settlement test

: Mortar Brick .
Compressive Mortar flexural compression compressive Initial ~ Shear Friction angle
Strength (MPa)  strength (MPa) strength (MPa) _ strength (MPa) strength (MPa)
114 0.31 0.62 14 0.03 37
\I/ 7.5mm
o 1 A6 1
[ 5
. —.‘ {2 H
A3
|| T4 C
o) ¥
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Figure 9 : (a) maximum principal tensile strain from FE analysis and (b) crack pattern observed in the test

3.3 Full-Scaled Building Tests

Magenes et. al. [30] conducted a full-scale test on a two-storey URM building. The building
was tested under quasi-static applied displacement. The overburden loads of 240 kN were
applied on the floors. The mean mechanical properties of the masonry are listed in Table 3.

Table 3 : Mechanical properties of tested masonry in Magenes’ test [30]

Density Elastic Compressive Tensile Initial  Shear Coefficient of
(kg/m®) Modulus (MPa) strength (MPa) Strength (MPa)  strength (MPa)  friction
1652 1491 6.2 0.04 0.23 0.58

As shown in Figure 10, the inelastic capacity curve from FE analysis in terms of base shear
vs. roof displacement is compared with the experimental results, which indicates good
agreement. The envelope of the cyclic response is used for the sake of comparison. As an
indicative example, the crack patterns at the peak base shear load level are shown in Figure 11
for the case with door walls. The numerical simulations were able to roughly indicate different
failure mechanics observed during the course of testing for both cases including e.g. bed joint
sliding, toe crushing and shear failure of piers and spandrels.
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Figure 10 : Base shear versus roof displacement of (a) door wall and (b) window wall

(b)
Figure 11: Peak load state of door wall: (a) maximum principal tensile strain at from FE analysis and (b)
crack pattern observed in the test
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4 CONCLUSIONS

In this paper, a simplified method has been proposed for the finite element modelling of
unreinforced masonry buildings based on a smeared continuum approach. It was established
upon the framework of fibred shell elements with inelastic directional layers, and it was
successfully implemented in ETABS software for nonlinear static (Pushover) analysis of
buildings; however, it can be potentially applied to any commercial structural analysis software
supporting the proposed framework. This method facilitates the modelling process of masonry
buildings with complex geometries by using conventional shell elements with some rational yet
simple material properties. It can eliminate some of the limitations and difficulties of the
commonly used microelement (lumped plasticity) approaches, e.g. presumptive analysis, priori
wall discretisation, and complicated modelling for irregular wall stacks and openings, while not
significantly affecting the overall computational cost. The proposed approach serves as a
practical solution and an easily accessible tool for the structural engineers worldwide to analyse
full-scale structures, such as heritage buildings, and assess their structural performance under
ultimate loading scenarios including earthquake. The accuracy of the FE model predictions has
been verified against several experimental results and showed to be in good correlation. In
summary, the proposed model not only can capture the overall structural response in terms of
e.g. lateral load-displacement curve, but it can reasonably identify different failure modes in
piers and spandrels and their associated cracking pattern as specified in some of the
international standards and seismic provisions, e.g. ASCE and NZSEE.
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