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Abstract

All around the world, non-engineered masonry constructions (NECs) typically have high
vulnerability to seismic ground motion, resulting in heavy damage and severe casualties
after earthquakes. Even though a number of computational strategies have been developed
for seismic analysis of unreinforced masonry structures, a few studies have focussed on
NEC:s located in developing countries. In this paper, different modelling options for finite
element analysis of non-engineered masonry buildings are investigated. The goal of the
study was to identify the modelling option with the best trade-off between computational
burden and accuracy of results, in view of seismic risk assessment of NECs at regional
scale. Based on the experimental behaviour of a single-storey structure representative
of Indian non-engineered masonry buildings, the output of seismic response analysis of
refined 3D models in ANSYS was compared to that of a simplified model based on 2D,
nonlinear, layered shell elements in SAP2000. The numerical-experimental comparison
was carried out under incremental static lateral loading, whereas nonlinear time history
analysis was performed to investigate the dynamic performance of the case-study struc-
ture. Analysis results show that the simplified model can be a computationally efficient
modelling option for both nonlinear static and dynamic analyses, particularly in case of
force-based approaches for design and assessment of base isolation systems aimed at the
large-scale seismic vulnerability mitigation of NECs.
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1 Introduction

Despite the developments in structural engineering and construction industry, a large num-
ber of non-engineered constructions (NECs) still exists in many parts of the world. These
buildings are mostly constructed with locally available materials such as stones, bricks or
adobe, including monuments and heritage buildings in high-seismicity regions. Examples
of NECs are load-bearing masonry wall buildings, stud-wall and brick-nogged timber con-
structions, and composite constructions consisting of load-bearing masonry columns/walls
in combination with tie-columns and tie-beams made of reinforced concrete (RC), steel
or wood. These buildings are constructed based on the experience and traditional knowl-
edge of local masons without any intervention by qualified architects and engineers, result-
ing in high vulnerability to earthquakes. This is due to the low strength of materials, poor
structural detailing and lack of seismic design, thus demanding higher levels of seismic
protection (see e.g.: Arya et al. 2014; Feng et al. 2011; Boen 2006; Naseer et al. 2010; So
and Spence 2013; Wu et al. 2013). Nonetheless, people in many developing countries still
prefer living in such constructions due to their low cost, ease of construction, and cultural
connections to local traditions.

In addition to residential buildings, non-engineered masonry structures found across
the world also include historical constructions such as palaces, churches, bell towers, and
temples, as well as industrial structures such as chimneys (Valente and Milani 2019; Min-
ghini et al. 2014; Formisano et al. 2018). Since these structures are highly prone to seismic
damage, over the years, several earthquakes caused the destruction of historical heritage
constructions (Parisi and Augenti 2013a). Thus, seismic assessment of non-engineered
masonry structures as attempted in the present study can help to reduce vulnerability of
historical heritage. Since the aim of the present study is mainly focussed on the reduction
of seismic risk connected to non-engineered dwelling units, a simple box-type URM build-
ing from rural areas of developing nations is selected as prototype.

Unreinforced masonry (URM) buildings are one of the most recurrent types of NECs
where masonry units often consist of either burnt clay bricks or concrete blocks, which
are usually connected to each other with mud/lime/cement sand mortar (Arya 2000;
Chaudhary 2014; IS1905 1987, 1993). The roof or floor of such buildings are commonly
constructed using RC, timber or steel joist metal deck with concrete topping and precast
concrete planks. Such a structural system is mostly observed in both historic and modern
constructions located in developing countries (Chaudhary 2014). Based on damage obser-
vations after recent earthquakes, these buildings tend to develop deep cracks due to exces-
sive tensile/shear stresses and undergo significant damage or even collapse under moderate
earthquakes (Arya et al. 2014). Thus, a deeper understanding of their structural behaviour
is necessary to reduce seismic vulnerability (Coburn and Spence 2003). In order to run
nonlinear dynamic analysis and develop fragility curves for a large class of buildings, an
efficiently accurate numerical modelling strategy must be developed, as done in the litera-
ture for more general mechanical systems (see e.g.: Vaiana et al. 2019,2021).

In this respect, the orthotropic and softening behaviour of masonry, together with its
low tensile strength and non-associated friction properties, would require refined finite
element (FE) models with huge computational demand and need for experienced users.
Other numerical strategies such as the applied element method (AEM) are becoming
attractive alternative solutions for NECs compared to FEM, allowing realistic simula-
tions that account for the discrete nature of masonry in this type of masonry structures.
According to Adhikari and D’Ayala (2020), the use of 3D applied elements can provide
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an accurate prediction of both stiffness degradation and ductility for stone in mud mor-
tar masonry buildings located in Nepal, allowing the random shape of stone units to
be considered in the modelling procedure. AEM solutions also include the simulation
of masonry fragmentation and out-of-plane collapse mechanisms, which often occur in
NECs (e.g. in building corners). More specifically, the use of triangular meshing and
clustering to generate irregular elements that simulate the random shape of rubble stone
units was found to be an appropriate strategy to account for the randomness of the units
in those masonry fabrics. AEM was also recently used to assess the seismic fragility
of existing non-engineered confined masonry school buildings located in India (Param-
mal Vatteri and D’Ayala 2021), ensuring a high degree of accuracy in the prediction of
the discrete behaviour of two types of interfaces, i.e. mortar-to-brick and brickwork-to-
concrete confining element.

Nevertheless, orthotropic FE modelling of masonry elements and other advanced
numerical strategies call for several material parameters that are not always available in
the literature. This problem can be overcome through simplified FE models, especially
when the aim of the study is more oriented towards the prediction of the overall nonlinear
response of the building rather than its detailed local behaviour (Choudhury et al. 2015).
The two main FE modelling approaches for masonry structures are referred to as micro-
modelling and macro-modelling (Lourengo 1997, 2000; Lourenco and Rots 1997). In
micro-models, the bricks and mortar are modelled with distinct material properties and
connected to each other using interface/contact elements. This technique is capable of
reproducing the exact behaviour of the masonry, but it demands high computational effort
(see e.g.: Giambanco et al. 2001; Lourengo et al. 2007; Caporale et al. 2014). In the macro-
modelling technique, masonry is modelled as a homogeneous material with equivalent
mechanical properties (see e.g.: Rots 1991; Gambarotta and Lagomarsino 1997; Calderini
and Lagomarsino 2008; Illampas et al. 2014; Parisi et al. 2019). This technique is more
practical due to its memory efficient processing and user-friendly mesh generation (Mahini
2015). The major complication associated with this approach is the identification of equiv-
alent mechanical properties of the masonry. Next to the modelling approaches of masonry
structures, the cracks can be represented based on either discrete crack models or smeared
crack models. In discrete crack models, the cracks are modelled as displacement disconti-
nuities across the outline of the finite element, imposing restrictions in the crack propaga-
tion. In smeared crack models, the displacement discontinuity is spread across the finite
element of the continuous model. This helps in obtaining a crack pattern which enables a
better understanding on masonry behaviour (Menin et al. 2009).

As far as non-engineered masonry buildings located in developing countries are con-
cerned, a few experimental investigations and some numerical studies have been car-
ried out (see e.g.: Choudhury et al. 2015; Das et al. 2016; Ip et al. 2018). Detailed three-
dimensional (3D) analysis of masonry buildings using isoparametric elements in ANSYS
(Mahini 2015) and concrete damage plasticity model (Habieb et al. 2018) demonstrated
acceptable accuracy in predicting the peak load and lateral deformation of non-engineered
masonry buildings. However, such models need calibration of several material proper-
ties. Nonlinear time history analyses (NLTHASs) of historical masonry buildings devel-
oped using Drucker—Prager model with Willam—Warnke failure criteria in ANSYS effec-
tively simulated the tensile strength of the masonry (Betti et al. 2015; Pauletta et al. 2018).
Thuyet et al. (2018) assessed the vulnerability of a base-isolated masonry building that
was modelled using nonlinear layered shell elements with isotropic material properties in
SAP2000 (Computers and Structures 2020). Even though that study showed a satisfactory
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computational efficiency of nonlinear layered shell elements, the nonlinear response to
cyclic lateral loading has not been investigated so far.

Recent initiatives have been taken in developing countries to promote the construction
of affordable houses in earthquake-prone regions and rural areas such as the Earthquake
Housing Reconstruction Project (EHRP) by the World Bank in Nepal and “Housing for all”
scheme launched by the Indian government (Tiwari and Rao 2016; PMAYMIS 2015). In
view of this, comprehensive studies on the global behaviour of NECs are necessary to sup-
port their seismic design and retrofit. Since the cost associated with experimental investiga-
tion on real-scale NECs would be high, a large number of sufficiently accurate FE analy-
ses would be preliminarily required. In this perspective, the development of FE modelling
approaches with a reduced set of parameters and less computational effort can aid in the
seismic design of NECs. The target model should be capable of providing accurate results
under both nonlinear static and time history analysis. Thus, a comparative assessment
between numerical models properly calibrated on experimental data is the prime require-
ment for the optimization of the analysis.

This study is part of a research project for the application of low-cost seismic isolation
systems to NECs. In order to run nonlinear dynamic analysis and develop fragility curves
for a large class of buildings, an efficiently accurate numerical modelling strategy must be
developed. Recently, Losanno et al. (2020) and Calabrese et al. (2019) demonstrated that
fibre reinforced elastomeric isolators (FREIs) could be a convenient option for base isola-
tion of residential buildings in developing countries. FREIs have been extensively inves-
tigated under both preliminary characterization and shaking table tests, demonstrating a
good performance in comparison with conventional steel reinforced isolators and thus rep-
resenting a low-cost technology for NECs (Ravichandran 2020).

This paper aims at identifying a set of suitable macro-modelling approaches for seismic
assessment of NECs using the commercial packages ANSYS (APDL 2015) and SAP2000
(Computers and Structures 2020). A comparative assessment of five macro-modelling
approaches using different finite elements and material models is presented. Three-dimen-
sional macro-models were developed in ANSYS using solid elements and a simplified,
two-dimensional (2D) shell element model was developed in SAP2000. FE analysis of a
benchmark URM building with available experimental and numerical data (Shahzada et al.
2012; Choudhury et al. 2015) is developed using the proposed models to compare their
accuracy and computational burden in case of a real-scale structure. The benchmark struc-
ture was developed by Shahzada et al. (2012) considering a typical URM building in the
city of Abottabad, Pakistan. After that models on experimental lateral pushover behaviour
were calibrated, nonlinear time history analysis under two natural records was performed
to predict the seismic response of the selected buildings. The novelty of this study is thus
the selection of the best modelling options for seismic assessment of the case-study NECs
at territorial scale, as a key information for their potential strengthening or base isolation.

2 Benchmark Masonry Building—Case Study

The benchmark structure is a single-story URM building reported by Shahzada et al.
(2012) with plan dimensions 4.115x3.505 m?, built with 0.228-m-thick walls as shown
in Fig. 1. The building is provided with 0.152-m-thick RC lintel beams above the openings
to improve the structural capacity under vertical loads. The RC roof slab is 0.152-m-thick,
above which parapet walls are provided with 0.343 m thickness and 0.914 m height. In
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Fig. 1 Details of URM building prototype (Shahzada et al. 2012)

addition, a 0.25-m-thick sand layer was also placed on the roof slab. The base of the build-
ing was bolted tightly to the floor during the tests. Experimental studies were carried on
the building by applying quasi-static horizontal loading to the wall without opening (out-
of-plane East wall) using a load cell up to failure (X direction in Fig. 1). The displacements
were measured at the centre of the RC slab on the opposite wall (out-of-plane West wall).
The force—displacement curves (pushover curves) and damage patterns were reported. The
available material properties of the building from the experimental studies are listed in
Table 1.

The lateral load was applied to the URM building using a hydraulic jack attached to a
strong wall and the roof slab of the URM building, as shown in Fig. 2. During the test, the
URM building was subjected to increasing reverse displacement cycles at the roof level,
with each displacement cycle repeated three times. The damage to the building observed at
the end of the test is shown in Sect. 4.3.

Choudhury et al. (2015) carried out numerical studies on the same building using com-
mercial codes such as STRAND 7, ABAQUS and SAP2000. The experimental pushover
curve was used for calibrating the proposed numerical models. In STRAND 7, the masonry
was modelled by assuming Mohr—Coulomb failure criterion with associated flow rule,
which reflects the main features of the masonry. An elastic perfectly-plastic (EPP) mate-
rial behaviour was adopted despite its inability in reproducing the post-peak softening

Table 1 Mechanical properties

of materials used in the URM Material Property Value
gtla:;?gl;))’l g;l ilding (Shahzada Masonry unit Uniaxial compressive strength 12.40 MPa
Mortar Uniaxial compressive strength 5.05 MPa
Masonry Mass density 1495 kg/m?
Young’s modulus 1227 MPa
Uniaxial compressive strength 3.02 MPa
Diagonal tensile strength 0.05 MPa
Concrete Mass density 2400 kg/m?
Young’s modulus 25,000 MPa
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Fig.2 Experimental test set-up of URM building (Shahzada et al. 2012)

of masonry. This approach is consistent with code provisions such as those of the Italian
building code (NTC 2018), which allows performing EPP modelling (Milani et al. 2009).
Friction angle of 30° and cohesion value of 0.15 MPa were assumed. In ABAQUS, con-
crete damage-plasticity (CDP) material model was used for masonry with 10° dilation
angle and 1.16 biaxial to uniaxial compressive strength ratio. This model—which has been
widely adopted for masonry in the literature—allows different strength and damage param-
eters in tension and compression. Smoothed Drucker—Prager failure criterion was used to
predict the failure of the masonry. It is agreed that the CDP model is one of the suitable
material models for masonry. Despite the well-known advantages of the model, it requires
additional masonry material properties (e.g. biaxial to uniaxial compressive strength ratio,
eccentricity, viscosity, dilation angle) that are not readily available in the literature. This
makes the model calibration tedious, further calling for additional random variables in the
uncertainty modelling during fragility analysis. Hence, the model is not considered in the
present study.

In SAP2000, Choudhury et al. (2015) proposed an equivalent frame (EF) approach by
implementing plastic hinges. This simulates the failure of the masonry piers and spandrels
under shear and flexure, mainly referring to their in-plane strength and stiffness contri-
butions. A finite element approach suggested by Milani et al. (2009) was used to deter-
mine the ultimate shear and moment capacity of each structural element. RC elements
were assumed to exhibit elastic behaviour considering their higher strength in comparison
with masonry. The maximum lateral load capacity obtained from the experimental data
was 99.50 kN and the accuracy of the FE models were improved with further analyses by
varying the mechanical properties. The comparison between experimental and numerical
pushover curves from the literature is shown in Fig. 3. Numerical and experimental analy-
ses of a similar prototype was also carried out by Choudhury et al. (2020) who presented
two FE modelling approaches using concrete damage plasticity model and a two-step
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homogenization model. The second approach was found to predict the exact behaviour of
the masonry along with damage pattern in comparison with the first approach. Due to mod-
elling complexities associated with this two-step strategy using homogenization approach,
such methodology was not attempted in the present study.

The equivalent frame method is one of the most commonly used simplified modelling
approaches for masonry structures, where each load-bearing wall with openings is ide-
alised into a nonlinear frame. Several studies presented the application of this approach
for masonry buildings, but notable issues and uncertainties associated with this simplified
technique cannot be ignored. Penelis (2006) carried out pushover analysis of URM build-
ings using the EF approach. Lagomarsino et al. (2013) presented the EF solution for the
implementation of the equivalent frame model in the TREMURI software analysis program
for nonlinear static analysis of masonry buildings. Plastic hinges are typically assigned to
the EF model (Quagliarini et al. 2017), using parameters that need to be carefully man-
aged in non-engineered masonry buildings. In addition, the 50% reduction of the initial
stiffness parameters to account for the panel cracked condition highly affects the global
initial stiffness, ultimate displacement and acceleration of the equivalent system (Bracchi
et al. 2015). This is confirmed in Fig. 3 by also including the EF model by Choudhury et al.
(2015). Therefore, the simplified approach using nonlinear shell elements is considered in
this study as an attractive alternative solution to EF models, ensuring a moderate computa-
tional effort.

Though developed models reproduced the nonlinear static behaviour of masonry with
good accuracy, their ability to simulate the nonlinear dynamic response of the URM build-
ing to seismic input was not investigated. In addition, nonlinear analysis based on EPP
modelling of masonry can only be carried out in STRAND 7 and it also disregards the
non-associativity of masonry in shear and softening. ABAQUS model with CDP model is
probably one of the most effective approaches requiring significant computational effort
and experienced users, especially while analysing the performance of large structures.
The numerical model developed in SAP2000 can be handled even by users with medium
computational experience. However, this approach approximates the actual geometry with
structural elements such as spandrels and piers, which works reasonably well only for
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regular walls with openings. Indeed, the identification of the geometry of the EF model
may become rather ambiguous or questionable when the openings are irregularly arranged
in the building (Parisi and Augenti 2013b). As mentioned earlier, it can be clearly seen
that the EF model developed in SAP2000 underestimates the lateral stiffness of the build-
ing. The definition of nonlinear hinges and the load-carrying capacities of the individual
masonry macro-elements (piers and spandrels) based on formulations recommended by
code regulations may not link well with the actual experimental behaviour and 3D numer-
ical models (Choudhury et al. 2015). This involves high computational time in the pre-
processing phase, where each masonry element is extracted from the masonry building
and both shear and flexural hinges have to be defined. Also, while analysing the structure
with additional strengthening elements like steel bands, modified shear-displacement and
moment-rotation curves have to be evaluated through proper modelling.

3 Numerical Macro-Modelling Options Selected in This Study

In a macro-modelling approach, the masonry units and mortar are smeared out in the
continuum, which makes the model computationally less expensive in view of NLTHA
at the building scale. As refined mechanical models are associated with the identification
of a large number of material parameters and degrees of freedom (DOFs), the nonlinear
behaviour of the masonry is represented by combining plastic behaviour with the smeared
crack approach. Based on the smeared cracking constitutive law, the stiffness of the finite
elements is modified due to crushing and cracking. However, this simplicity restricts the
model from predicting some failure modes of the masonry including the failure in mor-
tar joints, but the model can simulate the global response of the structure with acceptable
accuracy (Mabhini 2015). Since the modelling of orthotropic behaviour of masonry needs
additional parameters that are not always available, this type of isotropic model is com-
monly accepted in the literature by properly tuning material parameters. More specifically,
tensile and shear properties should be properly calibrated to fit the masonry behaviour,
which is usually less affected by compression strength especially in case of URM buildings
due to poor quality of materials (Choudhury et al. 2015).

In the present study, five alternative modelling approaches are discussed using different
types of finite element and material models in ANSYS and SAP2000 software packages, as
listed in Table 2. SOLID65 and SOLID185 elements were used in ANSYS, whereas non-
linear layered shell elements were used in SAP2000. The study is mainly focussed on the
identification of suitable modelling approach for nonlinear time history analyses of URM
building in view of fragility analysis. Along with the reduced computational time, an addi-
tional criterion considered in the selection of modelling approaches is the requirement of
a limited number of masonry material parameters and the easier development of numeri-
cal models using commercial software. Considering the possibility to model the masonry
behaviour through solid elements in ANSYS, different modelling approaches were identi-
fied using that finite element analysis program.

The selection of modelling approaches was initiated with the use of the commonly
adopted EPP model with Drucker-Prager (DP) yield criterion and Willam—Warnke fail-
ure criterion, due to its proven effectiveness in simulating the tensile strength of masonry
(Betti et al. 2015; Pauletta et al. 2018). Next, the modelling approach was further devel-
oped using different hardening rules (isotropic and kinematic hardening), while using the
same type of finite element. Further, higher order 3D element SOLID185 was used with
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the same hardening rule and failure criterion to check the effectiveness of the model in
reproducing the masonry behaviour. Even though the above-mentioned 3D numerical
modelling approaches are capable of producing acceptable results, the computational time
remains a major disadvantage when it comes for the large number of analyses required for
fragility studies. Hence, a simplified numerical modelling approach using shell elements in
SAP2000 was finally attempted to assess its accuracy and computational efficiency.

In order to reproduce the exact nonlinear behaviour of the masonry including quasi-brit-
tle behaviour, additional material properties and detailed micro-modelling strategies would
be necessary. For example, additional parameters such as orthotropy ratio, eccentricity,
viscosity, dilation angle and the ratio between the distance from the hydrostatic axis of
the maximum compression and tension are required in the most commonly used concrete
damage plasticity model. Since this study is aimed at identifying a simplified modelling
approach for nonlinear analysis of masonry structures with reduced number of material
properties, plastic laws with different hardening rules were considered. Furthermore, the
same strategy had also been proven to be suitable for modelling the behaviour of quasi-
brittle materials like concrete, stone masonry, and brick masonry (ANSYS 2015; Pauletta
et al. 2018).

Ultimate tensile and compressive strengths were mainly required to define the failure
surface in addition to other parameters for the specific approaches. Models 1 to 5 were
tested under both static and dynamic loading in order to provide an exhaustive comparison
of numerical efficiency and provide useful comments on the applicability to large-scale
seismic fragility analysis of NECs. In Table 2, f. is the uniaxial compressive strength of
masonry, f; is the uniaxial tensile strength of masonry, f, is the shear transfer coefficient
for closed cracks, p, is the shear transfer coefficient for open cracks, c is cohesion (i.e. shear
strength at zero confining stress), @ is the friction angle, and y is the dilatancy angle. It is
further noted that the orthotropic behaviour of masonry was not considered because of the
lack of experimental data on the case-study masonry to properly calibrate required parame-
ters. This motivated a macro-modelling of masonry as an isotropic material. Besides, either
perfectly brittle or multilinear stress—strain laws with tension cut-off were used in ANSYS
models to provide a simplified modelling approach with reduced number of parameters
(Milani and Tralli 2011; Bertolesi et al. 2016). A trilinear stress—strain curve in tension was
assigned to SAP2000 model, reducing convergence issues that arise during early stages of
the analysis.

Based on the studies on masonry buildings in developing countries such as India (Singh
et al. 2013; Sarkar et al. 2015; Kadam et al. 2020; Choudhury et al. 2020), Nepal (Habieb
et al. 2018; Giordano et al. 2020), Pakistan (Shahzada et al. 2012) and Iran (Bhakshi and
Karimi 2008) as available in the literature, the compressive strength (f,) of masonry varies
from 2.0 MPa to 6.0 MPa, tensile strength varies from 0.04f, to 0.12f,, and shear strength
varies from 0.02f, to 0.07f.. A wide variation is observed in the elastic modulus of the
masonry in developing countries, ranging from 400 to 2200 MPa. The mass density of
masonry varies from 1400 kg/m® to 1900 kg/m®. The material properties from Shahzada
et al. (2012) were used in the present study in order to compare the available experimental
results with numerical results.

3.1 Model Case 1

Model case 1 was based on the use of SOLID65, which is a solid element (Fig. 4a) defined
by eight nodes with three translational DOFs in the nodal x, y, and z directions at each
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Fig.4 Model case 1: a SOLID65 element; b EPP stress—strain diagram in compression; ¢ EPB stress—strain
diagram in tension; d Willam—Warnke failure domain in principal stress plane (ANSYS 2015)

node. That type of finite element was adopted in previous studies to simulate the mechani-
cal behaviour of quasi-brittle materials such as masonry (Pauletta et al. 2018; Betti et al.
2015). As summarised in Table 2, model case 1 was based upon the assumption of a sim-
plified EPP behaviour in compression (Fig. 4b), a linear elastic-perfectly brittle (EPB)
behaviour in tension (Fig. 4c), and Willam—Warnke failure criterion with linear tension
cut-off (Fig. 4d). This allowed modelling both cracking in tension and crushing in com-
pression, assuming that the yield surface does not change with progressive crushing.
Masonry failure was predicted through Willam—Warnke failure criterion (Willam 1975),
where the failure surface is defined through ultimate uniaxial tensile strength, ultimate uni-
axial compressive strength, ultimate biaxial compressive strength ( (rb), and ultimate com-
pressive strengths for a state of biaxial and uniaxial compression superimposed on hydro-
static stress state (f1 s fz). Nonetheless, the Willam—Warnke failure surface can be built in
ANSYS only using uniaxial tensile and compressive strengths, so other parameters were
assumed to be f,, = 1.2f,, fi = 1.45f,, and f, = 1.725f, (Willam 1975; ANSYS 2015).
Shear behaviour is controlled by two shear transfer coefficients that describe the possibility
of shear sliding across the crack face. Typical shear transfer coefficients range from 0 to 1,
with O representing a smooth crack (complete loss of shear transfer) and 1 representing a
rough crack (no loss of shear transfer). This specification can be made for both closed and
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open cracks. The shear transfer coefficient for open crack (f,) represents the shear strength
reduction factor for the subsequent loads that induce sliding across the crack face. The
shear transfer coefficient for closed crack (f,) corresponds to the transfer of compressive
stress normal to the crack plane, across the crack. These values were chosen by preliminary
investigation on the numerical models under study to obtain the best fitting with experi-
mental data. The value of f, ranges from 0.05 to 0.5 for brick masonry. g, values greater
than 0.70 were usually adopted for adobe and brick prisms in the literature (Mahini 2015).

Even though the material behaviour is assumed linear elastic prior to failure, plasticity
may be combined with the material properties to provide nonlinear behaviour before fail-
ure. Drucker—Prager criterion is used to define yield surface, assuming a non-associative
flow rule (i.e. plastic potential, which determines the direction of plastic straining, is not
equal to the yield function) so that plastic strains do not occur in a direction normal to the
yield surface. When a yield criterion is used along with a failure criterion, the yield sur-
face must lie within the failure surface, otherwise no yielding will occur. Drucker—Prager
model, which is a smoothed version of Mohr—Coulomb surface, is defined using cohesion
(¢), friction angle (¢) and dilation angle ().

Despite the availability of well-known modelling approaches using constitutive mod-
els with softening behaviour, the above-mentioned simplified approach was also used in
previous studies because it requires a limited number of material properties (Pauletta et al.
2018). By contrast, constitutive models with softening behaviour were used in model cases
3 to 5, as described below. In this respect, post-peak softening in tension, compression and
shear provides a realistic simulation of the quasi-brittle mechanical behaviour of masonry.

3.2 Model Case 2

In model case 2, SOLID65 elements were used with different behavioural rules. The mac-
roscopic mechanical behaviour of masonry was modelled through a nonlinear stress—strain
law with post-peak perfect plasticity in compression (Fig. 5a) and an EPB relationship in
tension (Fig. 5b). Failure and direction of plastic straining was respectively defined via the
Willam—Warnke failure criterion with tension cut-off and associative flow rule (i.e. plastic
potential equal to yield function, resulting in plastic strains perpendicular to failure sur-
face). It is noted that the compressive stress—strain law was directly implemented, assum-
ing a multi-linear pre-peak isotropic hardening (Fig. 5c¢) rather than Drucker—Prager yield
criterion (as in model case 1). That isotropic hardening rule was just used to describe the
pre-peak micro-cracking in compression, which actually produces a nonlinear behaviour
of masonry before peak compressive strength is reached, as highlighted in previous studies
(e.g. Augenti and Parisi 2010). In that stage of mechanical behaviour, the isotropic harden-
ing rule establishes a uniform increase in the size of the yield surface and results in a pro-
gressively increasing yield stress up to ultimate uniaxial compressive strength. This type of
hardening can model the material behaviour under monotonic loading and elastic unload-
ing, but the model does not give good results in the analysis of structures that experience
additional plastic deformation after a load reversal from a plastic state (ANSYS 2015).
The multi-linear isotropic hardening was described using stress—strain points, as shown in
Fig. 5c.

The uniaxial compressive stress—strain curve of the masonry shown in Fig. 5a was
developed based on the material properties reported by Shahzada et al. (2012), in accord-
ance with the analytical stress—strain model developed by Kaushik et al. (2007). These

@ Springer



Bulletin of Earthquake Engineering (2021) 19:5565-5607 5577

4.00 0.16
3.00 012
/a\ [~
[aW}
= =
% 2.00 = 0.08
2 &
100 0.04
0.00 0
0.00% 025% 0.50% 0.75% 1.00% 0.000%  0.001%  0.002%  0.003%
Strain (%) Strain
(a) (b)
(e}
OmaxL -
0‘2 -
(51 -+
20 max
&
(c)

Fig.5 Model case 2: a Nonlinear stress—strain diagram in compression; b EPB diagram in tension; ¢ multi-
linear isotropic hardening model (ANSYS 2015)

latter researchers reported that such a generalized analytical model is more suitable for
typical masonry used in the Indian construction industry. The parabolic stress—strain curve
was expressed in terms of non-dimensional stresses and strains as follows (Kaushik et al.

2007):
2

where: f,, is the compressive stress of masonry; €, is the compressive strain of masonry; f’;

is the ultimate compressive strength of masonry (i.e. fr:1=3.02 MPa according to Table 1);

and £: is the corresponding peak strain. This latter property was obtained through the fol-
. n .

lowing equation:

, 027,

£, = P07 (2)
J m

where: f; is the compressive strength of mortar and E,,, is the Young’s modulus of masonry,
i.e. E,,=1227 MPa in Table 1 (Kaushik et al. 2007).
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The other material properties required in the FE model were estimated based on the
values available in the literature (Choudhury et al. 2015; Pauletta et al. 2018) and given
in Table 1, along with sensitivity analysis through nonlinear pushover analysis of the
masonry building in order to reproduce the experimental data with reasonable accuracy.
Indeed, additional masonry material properties such as tensile strength and shear strength
were derived through sensitivity analysis, which consisted in pushover analysis under
varying those parameters in the ranges suggested by Choudhury et al. (2015). Sensitiv-
ity analysis highlighted that the peak resistance of the URM building significantly reduces
as tensile strength decreases from 0.17 MPa to 0.11 MPa and as shear strength decreases
from 0.15 MPa to 0.10 MPa in a pure Mohr—Coulomb failure criterion. A good agreement
with the experimental pushover curve was found when tensile and shear strengths were set
to 0.16 MPa and 0.145 MPa, respectively. The output of that numerical calibration con-
sisted of the following data: uniaxial tensile strength equal to 0.16 MPa; Poisson’s ratio
equal to 0.25; shear transfer coefficients for open and closed crack equal to 0.4 and 0.99,
respectively.

3.3 Model Case 3

In model case 3, the mechanical behaviour of masonry was modelled via a nonlin-
ear stress—strain relationship with post-peak softening in compression (Fig. 6a) and a
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Fig.6 Model case 3: a Nonlinear stress—strain diagram in compression; b multi-linear stress—strain diagram
in tension; ¢ multi-linear kinematic hardening model (ANSYS 2015)
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multi-linear stress—strain diagram in tension (Fig. 6b). The former diagram was developed
based on the material properties of the benchmark building, making use of a multi-linear
kinematic hardening with Von Mises yield criterion and associative flow rule (Fig. 6¢) to
describe pre-peak nonlinear behaviour in compression. Kinematic hardening leads to a
shift in the yield surface in stress space during plastic deformation, also simulating the
plastic strain build-up during cyclic loading. Softening in tension was modelled by a sud-
den drop after the attainment of peak tensile strength and a linear softening up to zero
stress. To that aim, a tension crack factor (TC = 0.2) was included in the Willam—Warnke
failure surface. The tension crack factor acts as a multiplier for stress relaxation and was
thus calibrated based on pushover analysis of the case-study building. This modelling
approach (with suitable modifications in the analysis parameters) can reproduce the soften-
ing behaviour of masonry, avoiding convergence issues to some extent. By contrast, the use
of T, did not significantly improve the results and convergence issues in previous model
cases 1 and 2, so it was ignored therein. Except from the compressive stress—strain curve
shown in Fig. 6a, other material properties used in the modelling were similar to those
mentioned in model case 2.

3.4 Model Case 4

Such a model case was based on the use of SOLID185 element (Fig. 7), which is another
type of finite element recommended for 3D modelling of structures. This element can
be characterised by different types of mechanical behaviour, including plasticity, hyper-
elasticity, stress stiffening, creep, large deflection, and large strain capabilities. Though
SOLIDG65 element is very commonly used in masonry modelling due to its ability to rep-
resent cracks, it has been catalogued as a legacy element by ANSYS. Thus, high-order 3D
elements like SOLID185 are being used in the recent numerical modelling of quasi-brittle
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Pyramid Option -
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Fig.7 SOILDI185 element used in model case 4 (ANSYS 2015)
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materials such as concrete and masonry (see e.g.: Hawileh et al. 2010; Gisbert et al. 2018;
Shrestha and Bhandari 2020).

In the present study, the nonlinear behaviour of masonry in compression was modelled
using the nonlinear stress—strain diagram with post-peak softening depicted in Fig. 6a,
whereas the tensile constitutive behaviour was assumed to be elastic-perfectly brittle as
shown in Fig. 5b. Pre-peak nonlinear behaviour in compression was defined using the
multi-linear kinematic kinematic hardening model (Fig. 6¢), similarly to model case 3.
Nonetheless, in ANSYS, the Willam—Warnke failure criterion cannot be combined with
SOLID185 element, so failure was defined by means of maximum stresses and strains in
tension, compression and shear.

3.5 Model Case 5

For the aim of comparison and searching for a simplified approach, a 2D model in
SAP2000 with nonlinear layered shell elements was used. Under this approach, several
shell layers in the thickness direction with different constitutive law can be defined to sim-
ulate the nonlinear behaviour of the masonry. These layers are kinematically connected
according to the Reissner—Mindlin assumption that the normal to the reference surface
(axis 3 in Fig. 8) does not change its own direction after deformation. The material behav-
iour is integrated at finite number of points in the thickness direction of each layer and
the use of excessive number of thickness integration points increases the analysis time. In
addition, the material angle can also be defined to represent the material axes with respect
to the element axes for modelling orthotropic materials. For each layer, three membrane
stress components (0'“, 0y, 012) shown in Fig. 8 can be considered as linear, nonlinear, or
inactive. In this macro-modelling approach, masonry is considered as an isotropic material
and thus the material angle in each layer is taken as zero. For the first layer that defines the
normal stress—strain behaviour of the masonry, o, is considered as inactive. Similarly, for
the second layer which corresponds to the shear behaviour of masonry, ¢,; and o,, are con-
sidered as inactive.

In the present study, two stress—strain curves corresponding to normal stress (com-
pression and tension) and shear stress were used to represent the nonlinear behaviour

Axis 3 A
022
i3
] Face 3 J . Face 2 )
> 01 Axis 1
012
J11 o :
— l I—» 1 iz
j4
012
012 «——
Face 6: Top (+3 face)
(PY) Face 5: Bottom (-3 face)

(a) (b)

Fig.8 Model case 5 using SAP2000: a Stress components of shell element; b Quadrilateral shell element
(SAP2000 2020)
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of masonry using a two layered shell element (Thuyet et al. 2018; Valente and Milani
2016). The maximum compressive, tensile and shear strengths of the masonry obtained
from the calibration of ANSYS models were used also in SAP2000 model. The ten-
sile strength of the masonry was taken as 0.16 MPa and corresponding behaviour
was defined based on the relationship suggested by Akhaveissy and Milani (2013).
Mohr—Coulomb failure criterion with associative flow rule was used for representing
the shear behaviour of masonry, which has major influence on seismic performance of
masonry buildings in the north-eastern zone of India. Cohesion was taken as 0.145 MPa
and friction was ignored in order to match the load-carrying capacity obtained from
experimental results (Thuyet et al. 2018). The shear and tensile stress—strain curves
used in the model are shown in Fig. 9a and b. The compressive stress—strain curve used
in this model is similar to that of model case 3, as shown in Fig. 6a. The RC elements
were assumed as linear elastic.

4 Numerical Simulation of the Case-Study Building
4.1 Detailed FE Modelling in ANSYS and Simplified FE Modelling in SAP2000

In order to assess the effectiveness of the modelling approaches for the analysis of real-
scale structures, numerical models of the benchmark building were developed. The bot-
tom nodes of the building were constrained in all three DOFs. RC lintel beams and roof
were also modelled using solid elements with linear elastic behaviour. The additional
mass from 0.25-m-thick sand layer on the roof top was modelled using MASS21 ele-
ment, which is a point element with six DOFs. The mass element was constrained to
the top nodes of the slab. The FE model of fixed-base masonry building developed in
ANSYS is shown in Fig. 10a. The mesh size of the FE model was determined through
detailed sensitivity analysis to match the experimental data. Mesh size of 0.114 m (half
of the wall thickness) was found to be adequate through a preliminary convergence anal-
ysis, so the model was meshed with 10,801 elements and 18,636 nodes.

In SAP2000, the masonry building was modelled using nonlinear layered shell ele-
ments with a rigid diaphragm constraint at the roof level. Assuming the same mesh
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Fig.9 Stress—strain curves of case-study masonry in SAP2000: a shear; b tension
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e
(a) (b)

Fig. 10 Numerical models of benchmark building: a ANSYS; b SAP2000

size of ANSYS model for subsequent comparison, the model was meshed with 5184
shell elements and 5337 joints. The developed simplified masonry building model in
SAP2000 is shown in Fig. 10b.

4.2 Modal Analysis

Modal analysis on both ANSYS and SAP2000 models was carried out preliminarily. A
difference lower than 5% in predictions of fundamental frequency and participating mass
ratio of translational deformation modes along both X and Y directions is found, remarking
a good agreement of models in simulating the initial stiffness of the building. A slightly
higher variation (8%) is obtained under the first torsional mode. The output of modal anal-
yses for the first three vibration modes is outlined in Table 3.

Table 3 Modal frequencies of benchmark building under different modelling approaches

Mode Frequency (Hz) Direction
ANSYS-S65/  ANSYS-S65/ ANSYS-S65/ ANSYS-S185/  SAP2000/
Drucker Prager isotropic hard-  kinematic kinematic layered shell
ening hardening hardening
8.60 8.60 8.60 8.60 8.60 X
9.43 9.43 9.43 9.44 9.80 Y
3 14.04 14.04 14.04 14.08 15.10 Torsion (XZ

plane)
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4.3 Numerical-Experimental Comparison Based on Pushover Analysis
4.3.1 Monotonic Loading

The seismic capacity of the building models was then assessed through pushover analysis,
which was carried out by imposing a monotonically increasing displacement at the roof
level along X direction. The response of the building models is compared with the experi-
mental data from Shahzada et al. (2012) in Fig. 11. In the experimental study reported in
the literature, the masonry building reached its peak lateral resistance of 99.5 kN at an
inter-storey drift of 0.23% (corresponding to a lateral displacement equal to 7.89 mm).
The maximum load-carrying and displacement capacities of the building obtained from
ANSYS and SAP2000 models are given in Table 4.

The model cases 1 (Drucker—Prager) and 2 (isotropic hardening) overestimated the
maximum load-carrying capacity of the building by 5.20% and 15.70%, respectively. The
results from model case 3 (kinematic hardening) are found to be in good agreement with

Inter-storey drift (%)

0 0.1 02 03 04 0.5
120 : : : :

Experimental [Shahzada et al., 2012]

====-FEM - Model case 1: ANSYS-S65/Drucker Prager

20 eeeee FEM - Model case 2: ANSYS-S65/Isotropic hardening
= = FEM - Model case 3: ANSYS-S65/Kinematic hardening
—— =FEM - Model case 5: SAP2000/L ayered shell

0 2 4 6 8 10 12 14 16
Displacement (mm)

Fig. 11 Pushover curves of benchmark building

Table 4 Numerical-experimental comparison under incremental static loading (pushover)

Model Peak load (kN) Displacement at Maximum displace-
peak load (mm) ment (mm)

Value % variation Value % variation Value % variation

Experimental 9.5 - 79 - 166 -

1. ANSYS-S65/Drucker—Prager 1047 +5.2 15.2 +93.0 152 -82
2. ANSYS-S65/Isotropic hardening 115.1  +15.7 15.5 +97.0 155 —-64
3. ANSYS-S65/Kinematic hardening ~ 100.5 +1.0 6.9 - 125 9.1 —45.0
4. ANSYS-S185/Kinematic hardening 684.2 +587.6 20 +153.5 20 +20.5
5. SAP2000/Layered shell 98.7 -0.8 6.7 - 152 6.7 -59.7
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the experimental data but the solution is found to be not converging at 9.14 mm (corre-
sponding to an inter-storey drift of 0.27%), thus underestimating the lateral displacement
capacity in the post-peak softening range. Model case 4 with SOLID185 elements pro-
vided a hardening behaviour with a maximum load-carrying capacity approximately seven
times higher at 20 mm, thus being inaccurate and making it impossible to plot the curve
in Fig. 11. The initial stiffness and the load—displacement curve have a good match with
other results only up to 1.20 mm (0.035% inter-storey drift) with corresponding load-car-
rying capacity of 73 kN. Hence, this approach is not considered further in the comparison
of results. Even though higher order SOLID185 element is being increasingly used in the
modelling of masonry buildings, the discrepancy of this modelling approach in reproduc-
ing the nonlinear behaviour of the URM building shows that additional refined parameters
are necessary to define the plastic flow and failure criterion accurately. Further improve-
ment of this modelling approach is being studied by these authors.

The SAP2000 model provides satisfactory results in terms of peak force and corre-
sponding displacement even if not including any softening branch, thus underestimating
the ultimate displacement capacity. It is also noted that the simplified model also allows the
best reproduction of the pre-peak rising branch of the load—displacement curve. Sensitiv-
ity analysis was conducted in all cases to understand the influence of different mechanical
properties on the response of the FE models. Based on relevant outcomes, it is found that
the maximum load-carrying capacity of the building is highly affected by tensile strength
in model cases 2 to 5. In the case of model case 1, the peak resistance of the building
increases with the increase in masonry shear strength.

The final damage pattern from the experimental observation (see Fig. 12a) was com-
pared with the FE results. The crack patterns in the in-plane North wall obtained from

Out-of-plane In-plane Out-of-plane In—plane Out-of-plane
East Wall North Wall West Wall South Wall East Wall

(b) (c) (d)

Fig. 12 Numerical versus experimental final crack patterns: a Experimental cracks (Shahzada et al. 2012);
b Model case 1 (ANSYS-S65/Drucker—Prager); ¢ Model case 2 (ANSYS-S65/isotropic hardening); d
Model case 3 (ANSYS-S65/Kinematic hardening)
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ANSYS are shown in Fig. 12b, ¢ and d. According to experimental observations, the North
and South walls of the building suffered more damage in comparison with the out-of-
plane walls. Piers in the North wall developed both vertical and flexural cracks. Vertical
cracks were also observed at the intersection of the in-plane and out-of-plane walls from
the numerical results of model cases 2 and 3, almost identical to the experimental results.
According to Sorace and Terenzi (2011) and Pauletta et al. (2018), if the tensile stress limit
is reached in at least two main directions of the element quadrature point, damage becomes
visible on the surface of the wall. The elements in the piers of the North and South walls
were subjected to this condition, so they developed excessive cracks.

All models well predicted the occurrence of diagonal cracks starting from opening cor-
ners, as well as horizontal cracks at the base of left-hand side pier. Both types of cracks
highlight the flexural behaviour of that pier, which had the highest effective height (see e.g.
Parisi and Augenti 2013b and Lagomarsino et al. 2013, for such a parameter that can play
a key role in other modelling approaches and seismic behaviour of masonry buildings).
The crack patterns obtained from the experimental studies corresponds to the final damage
pattern at 0.48% inter-storey drift. In case of numerical results, pushover analysis stopped
at smaller deformation levels, i.e. an inter-storey drift equal to 0.27%, due to convergence
issues. However, the crack pattern observed from the numerical models in terms of vertical
cracks near the intersection of walls and near the openings is similar to the crack initiation
reported from the experimental tests.

Maximum equivalent stresses are found to be concentrated near the opening corners,
due to higher stiffness of the RC elements. This trend was also confirmed by SAP2000
model (Fig. 13) where convergence issues were due to excessive tensile stresses developed
in the in-plane masonry walls. The maximum tensile stress is also concentrated at the base
of the pier (highlighted in the figure). The same behaviour was observed in the numerical
simulations carried out by Choudhury et al. (2015). The horizontal tensile strains at the
peak load-carrying capacity of the URM building model in SAP2000, i.e. 0.19% inter-sto-
rey drift ratio, are shown in Fig. 13b. Excessive tensile strain close to 0.10% (i.e. maximum

g B
—

z
4

L L,
(a) (b)

Fig. 13 Stress/strain patterns in SAP2000/Layered shell model: a horizontal tensile stresses; b horizontal
tensile strains
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value in Fig. 9a) can be observed close to the upper left of the door opening in the in-plane
North wall. Due to convergence issues, the SAP2000 model was not able to reproduce the
behaviour of URM building beyond the peak load-carrying capacity. Excessive tensile
strains are observed close to the openings of the URM buildings, similar to the crack ini-
tiation mentioned during the experimental study. The same trend can also be seen in the
numerical results obtained from ANSYS models.

4.3.2 Cyclic Loading

In order to compare the hysteretic behaviour under static cyclic loading, the SAP2000
numerical model was subjected to increasing reverse displacement cycles, repeating each
displacement amplitude three times according to the experimental protocol adopted by
Shahzada et al. (2012). A set of continuous nonlinear static analyses with increasing dis-
placement was carried out. The force—displacement behaviour of the URM building under
numerical model and the backbone of the experimental results are compared in Fig. 14.
The shape of the numerical hysteresis loops is larger than their experimental counterparts
with predominant shear behaviour where nonlinearity is observed almost from the begin-
ning of the test. Due to convergence issues in the SAP2000 model, the cyclic analysis
stopped at the same level of displacement reached under monotonic loading, i.e. inter-sto-

rey drift ratio equal to 0.19%.

----- Positive loading [Shahzada et al., 2012]

- + = Negative loading [Shahzada etal., 2012]

~——— FEM - Model case 5: SAP2000/Layered shell - Cyclic loading
eeeee FEM - Model case 5: SAP2000/Layered shell - Monotonic loading

Inter-storey drift (%)
-0.44 -0.33 -0.22 -0.11 0 0.11 022 033 044
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Fig. 14 Force—displacement hysteresis response of URM building
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Equivalent viscous damping obtained from numerical results ranges from 13% to 18%,
whereas the same parameter reported from the experimental study varies between 5.8%
and 7.8%. The numerical model overestimates the damping capacity of the URM build-
ing due to limited effect of the pinching phenomenon. Similar values of damping to those
obtained from SAP2000 model are reported in the studies performed on URM walls (i.e.
7.7% to 39.5%) by Zimmermann et al. (2012). Furthermore, displacement capacity and
damping values obtained in SAP2000 from cyclic loading and NLTHA are consistent with
each other.

As a major advantage of SOLID65 ANSYS models (i.e. from model case 1 to 3), the
cracking pattern is captured and displacement capacity estimated with higher accuracy,
even if the only model accounting for softening (i.e. model case 3) experienced conver-
gence issues at earlier stage. Apart from SOLID185 model (i.e. model case 4) resulting
inaccurate to capture both softening and maximum load capacity, the simplified model in
SAP2000 (i.e. model case 5) demonstrated satisfactory response until peak load thus being
useful in case softening has not to be investigated. This can be the case if a base isolation
system is provided and internal stresses are significantly reduced within the masonry being
the subject of a research project by the authors of this paper.

With proper limitations, the modelling approaches considered in the present study
(except the model case 4) can be effective in modelling the pushover response of the
selected URM buildings under proper calibration of mechanical properties. The same mod-
els are considered in subsequent section under time history analyses for a further compari-
son and to predict the nonlinear dynamic response under seismic input with incremental
Intensity.

4.4 Numerical Prediction of Nonlinear Dynamic Response

The current section is aimed at predicting the numerical response of the benchmark build-
ing under dynamic loading. Even if dynamic response had not been experimentally tested,
numerical investigation could provide relevant suggestions on the expected behaviour due
to properly calibrated nonlinear parameters according to pushover results. It is well known
that shaking table tests of real-scale prototype buildings would require large facilities (see
e.g. Mendes et al. 2014; Magenes et al. 2014; Meoni et al. 2019) thus making experimen-
tal data not always available for different types of masonry buildings, particularly those
representative of NECs. In order to assess the different performance of proposed models
through NLTHA, nonlinear direct integration transient analyses were carried out using Hil-
ber-Hughes-Taylor (HHT) algorithm (Hilber et al. 1977), with a time step of 0.01 s. HHT
algorithm was selected due to its unconditional stability. Classical Rayleigh formulation
was considered for damping and 4% damping ratio was adopted based on the literature
(Betti et al. 2015). The time integration algorithm and the corresponding parameters were
maintained the same in both the software packages for the sake of comparison.

NLTHA was performed along X direction under two ground motions assumed to
be representative of the seismic hazard in Himalayan regions where a relevant num-
ber of NECs can be found. Two strong earthquakes which occurred in Bhuj and Nepal
were considered. Bhuj earthquake occurred in 2001 with moment magnitude Mw =7.9,
causing extensive damage to buildings and loss of life. The Bhuj earthquake occurred
along the Allah Bund fault and resulted in huge uplift of the ground surface. Bhuj town
in the Kutch district of Gujarat state was reported as the epicentre of the earthquake.
The large magnitude of the earthquake combined with the poor construction quality in
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Fig. 15 Acceleration records selected for NLTHA: a Bhuj earthquake; b Nepal earthquake

that seismically active region (Zone V according to Indian building code IS 1893 code)
had contributed to the destruction of more than 300,000 buildings (BIS 2002). Due to
very few recording stations in the area, the only strong motion record was measured in
Ahmedabad with a peak ground acceleration (PGA) of 0.11g, 260 km away from the
epicentre (Madabhushi and Haigh 2005). Though there is no record available from the
Bhuj area, the PGA of the earthquake in the epicentral area would have been higher
considering the magnitude of the earthquake. The acceleration time history measured
in Ahmedabad and corresponding Fourier amplitude frequency content are shown in
Fig. 15a. The other large earthquake with Mw =7.8 considered in this study occurred
along the Himalayan thrust fault in central Nepal in 2015. The earthquake was caused
by the collision between the Indian and Eurasian plates. The epicentre was near the
Gorkha region and the only record available close to the region was at Kathmandu,
80 km from the epicentre (Takai et al. 2016). The recorded acceleration time history is
characterised by PGA =0.13g (Fig. 15b). The earthquake ground motion data were col-
lected from the strong-motion virtual data centre (VDC) developed at the University of
California Santa Barbara (COSMOS 2014).

According to IS 1893 (BIS 2002), the seismic zone factor for Zone V (very severe
seismic intensity) is 0.36, meaning PGA =0.36g. This latter acceleration reflects the
actual PGA considering the maximum considered earthquake (MCE), while it is reduced
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Table 5 Selected ground motions EQ set EQ record Location of Scale factor PGA (g)

EQ source
1 A Bhuyj 1.00 0.11
B Nepal 1.00 0.13
2 A Bhuyj 3.40 0.36
B Nepal 2.76 0.36
3 A Bhuj 4.72 0.50
B Nepal 3.83 0.50

EQ=-earthquake

by a factor of 2 for the design basis earthquake (DBE) that establishes a moderate inten-
sity level. As the PGA for the available seismic records is less than DBE level, NLTHA
was carried out by scaling selected records to investigate nonlinear behaviour and trig-
ger any collapse mechanism in the building. Accordingly, seismic response analysis of
the benchmark building was run by also scaling the maximum acceleration to 0.36g and
0.5g. Three different earthquake record sets corresponding to original ground motions
(set 1) and scaled ground motion records with PGA =0.36g (set 2) and PGA =0.5g (set
3) were used (Table 5).

4.4.1 Nonlinear Dynamic Response to Set 1 (Unscaled) Ground Motions

NLTHA results for the original (unscaled) ground motions recorded during Bhuj and Nepal
earthquakes are summarized in Table 6. To estimate the hysteretic damping of the building,
the equivalent viscous damping ratio was calculated for the loading cycle corresponding
to the maximum displacement response (Chopra 1995; Shahzada et al. 2012). The same
procedure was used in previous experimental studies on URM structural systems (see e.g.
Parisi et al. 2014). The results obtained from model cases 1 and 2 (i.e. Drucker—Prager
and isotropic hardening, respectively) exactly match with each other under earthquakes and
computational time is very similar. According to pushover analysis results, the base shear
predictions from model cases 1 and 2 are higher compared to other cases. Loss of conver-
gence was found occurring in model case 3 (kinematic hardening) under both earthquakes
due to excessive distortion of finite elements, even if the base shear demand (i.e. 29.42
kN; see Table 6) was approximately 30% of the peak resisting base shear measured during
quasi-static testing (i.e. 99.50 kN; see Table 4). According to pushover curves in Fig. 11,
that level of base shear was expected to be associated with a linear elastic behaviour of the
building. Due to the early termination of the kinematic hardening model analyses at 41.7 s
in Bhuj earthquake and 29.4 s in Nepal earthquake, the top acceleration values are 28% and
46% less than DP model under Bhuj and Nepal earthquakes, respectively. This highlights
some computational issues related to the implementation of model case 3 for NLTHA,
thus making it unsuitable for further comparison in dynamic load conditions. The results
from SAP2000 layered shell element model tend to slightly underestimate the response of
the building, both in terms of base shear and inter-storey drift. Stress concentrations were
only observed close to the openings and lintels. The difference in the masonry behaviour
obtained from different modelling approaches can be attributed to the combination of type
of finite element alongside hardening laws. Further, plastic deformation developed in the
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Fig. 16 Comparison of NLTHA results—Set 1A Bhuj earthquake: a base shear time history; b inter-storey
drift time history; ¢ hysteresis curves

elements during load reversal can also be seen as a major parameter for the variation of the
results between model cases 2 and 3 (Park et al. 1987).

As the DP model is one of the most acknowledged models in the literature (see e.g.:
Choudhury et al. 2015; Pauletta et al. 2018), corresponding results in terms of base shear
and inter-storey drift are considered for comparison with model cases 2 and 5 under Bhuj
earthquake in Fig. 16. Model case 3 is not included in the comparisons due to its early
termination of time history analyses. A similar pattern between different approaches is
observed under Nepal earthquake as seen from Fig. 17. Severe damage to the building is
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Fig. 17 Comparison of NLTHA results—Set 1B Nepal earthquake: a base shear time history; b inter-storey
drift time history; ¢ hysteresis curves

not observed since the response is almost linear elastic and calculated damping values are
consistently lower than 5%. In case of SAP2000 model, results show a consistent pattern
with ANSYS models. In addition, the reduced numerical burden of SAP2000 model to less
than half computational time with no convergence issues is a relevant outcome when com-
paring the different strategies for seismic performance assessment of NECs at a large scale.
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4.4.2 Nonlinear Dynamic Response to Set 2 Ground Motions (PGA =0.36g)

NLTHA results with PGA =0.36g are listed in Table 7. Because of the excessive defor-
mation due to increased PGA, loss of convergence was found to be occurring in all
model cases developed in ANSYS. In case of Bhuj (Nepal) earthquake, the analysis
stopped due to excessive deformation of elements at 46.8 s (29.4 s) and 38 s (29.4 s)
in ANSYS model cases with DP (model case 1) and isotropic hardening (model case
3), respectively. A significant variation in the NLTHA results is observed due to vari-
ation in the duration of the records. The converged solution with reduced compu-
tational effort of the SAP2000 model is confirmed as a major advantage. The output
of NLTHA on SAP2000 model is consistent with experimental behaviour in terms of
maximum base shear and corresponding inter-storey drift. Differently, ANSYS mod-
els under Nepal earthquake experienced larger base shear, evidencing peak inter-storey
drift values (0.049%-0.064%) significantly lower than experimentally found under both
earthquakes.

The simplified SAP2000 model was able to capture the nonlinear behaviour of the
masonry building at excessive deformation with inter-storey drift value greater than 0.1%,
which is defined as moderate damage level by Calvi (1999) and Shahzada et al. (2012).
An increase in hysteretic damping is observed in all the modelling approaches when com-
pared to Set 1 even if significantly higher values are obtained in SAP2000, i.e. up to 21.2%
and 16.6% for Bhuj and Nepal earthquake, respectively. In such a context, previous stud-
ies reported that the increase in damping may occur after masonry cracking due to the
reduction in elastic modulus as compared to the uncracked behaviour (Elmenshawi et al.
2010). Further, a large variation in damping of URM buildings can be seen from the val-
ues reported in the literature. Benedetti et al. (1998) estimated the initial damping ratio
associated with the fundamental mode of vibration for brick masonry buildings as 6% to
10% and for stone masonry buildings about 10%. Studies on unreinforced brick masonry
walls reported a damping ratio of 13% according to cyclic in-plane shear-compression tests
(Magenes and Calvi 1997; Santa-Maria et al. 2004). Shear behaviour of masonry walls
involves higher values of damping compared to flexural behaviour for the same inter-storey
drift. Parisi (2016) assumed equivalent damping ratios of 10% and 15% for flexural and
shear failure modes of URM walls, respectively, in a direct displacement-based approach
for URM buildings with box-type seismic response. However, these values tend to change
with respect to the loading pattern, intensity of loading and, in case of experimental assess-
ment, testing conditions. Despite the uncertainties associated with the damping value of
URM structures, literature suggests 10% for most of the cases (Magenes and Calvi 1997).
Though the damping curves developed for masonry walls may not be valid for a masonry
building, the global damping of a masonry building can be evaluated by the weighted aver-
age based on the energy dissipated by several structural elements (Priestley et al. 2007).
Hence, these reference values can be considered suitable for the benchmark URM building,
which is a simple single storey box-type structure.

Shahzada et al. (2012) reported damping ratios of 5.7% to 7.8% for the benchmark
URM building tested under quasi static loading. A slight increase in damping value was
also identified beyond a storey drift of 0.15%. Further the experimental curves are charac-
terized by the pinching phenomenon which tends to reduce the dissipated hysteretic energy,
the latter in turn affecting the overall damping capacity. The disagreement between the
damping values estimated by SAP2000 with the experimental results can be attributed to
larger hysteretic curves in addition to dynamic loading type.
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Fig. 18 Comparison of NLTHA results—Set 2A Bhuj earthquake: a base shear time history; b inter-storey
drift time history; ¢ hysteresis curves

The graphical comparison of NLTHA results is shown in Figs. 18 and 19, where a good
agreement in the trend is found until the analysis stops in ANSYS models. The damage in
the in-plane walls was comparatively higher than out-of-plane walls in both ANSYS and
SAP2000 models detected by cracking and stress/strain patterns, respectively. Diagonal
cracking in the masonry was observed close to the openings and lintels. The crack progres-
sion near the openings was well reproduced by the ANSYS DP and isotropic hardening
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Fig. 19 Comparison of NLTHA results—Set 2B Nepal earthquake: a base shear time history; b inter-storey
drift time history; ¢ hysteresis curves

models, compared to the kinematic hardening model. In case of SAP2000 model, high hor-
izontal tensile strains were observed near the openings.

4.4.3 Nonlinear Dynamic Response to Set 3 Ground Motions (PGA =0.5g)

NLTHA of the benchmark building was further carried out with records scaled up to
PGA =0.5g and the results are listed in Table 8. Due to the significant increase in the
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Fig.20 Comparison of hysteresis curves—Set 3A Bhuj earthquake
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Fig.21 Comparison of hysteresis curves—Set 3B Nepal earthquake

ground acceleration, significant damage in the URM building is observed under all mod-
elling approaches, which resulted in the excessive deformation and cracking (numer-
ical collapse of the model). Loss of convergence had occurred in all cases including
SAP2000 simplified model.

As for Set 2 ground motions, maximum inter-storey drift and damping values for
ANSYS models tend to be lower than SAP2000. A maximum damping value of approx-
imately 25% was found in SAP2000 under Bhuj earthquake, whereas the analysis
stopped earlier due to large plastic excursion under Nepal earthquake. The comparison
of hysteresis curves from different modelling approaches are shown in Figs. 20 and 21.

Results of Set 3 confirmed that SAP2000 tends to overestimate the URM damp-
ing capacity due to excessively large enclosed area during hysteretic cycles, practi-
cally neglecting any pinching phenomenon that can occur in cracked elements. Even
if maximum inter-storey drift values are consistent with experimental capacity, higher
damping values would underestimate the plastic demand in SAP2000, and this must be
properly taken into account in case large plastic deformations are expected. In a simi-
lar way, even if damping values are in accordance with the ones reported in the litera-

ture, ANSYS models would provide a significantly lower displacement capacity due to
numerical instability.
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*1-Initial cracking, 2-crack progression stage, 3-final cracks before termination of analysis (excessive damage)

Fig.22 Crack pattern from ANSYS DP model—Set 3A Bhuj earthquake: a out-of-plane West wall; b in-
plane North wall; ¢ out-of-plane East wall; d in-plane South wall

Diagonal crack patterns were observed close to the openings in ANSYS DP and iso-
tropic hardening models, similar to what observed under Set 2 ground motions with
PGA =0.36g.

The maximum vertical compressive stress developed in the FE models is around 20%
of the corresponding strength under both earthquakes, which shows that the damage
associated with excessive distortion of elements is not due to crushing. On the other
hand, the horizontal and vertical tensile stresses developed in the URM building reach
the ultimate strength. These regions close to the door and window openings in the in-
plane North and South walls developed diagonal cracks according to a flexural failure
mode. The analysis stops with the slight widening of the diagonal cracks in the ANSYS
FE models (Fig. 22). Though the cracking cannot be captured from the SAP2000 model,
the increased tensile stresses together with the loss of convergence confirm the severe
damage to the URM building (Fig. 23).

The crack pattern obtained using ANSYS DP model under set 3A Bhuj earthquake at
the end of NLTHA is shown in Fig. 22 and a similar pattern is also obtained from the
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Fig. 23 Horizontal stress and strain distribution from SAP2000 model—Set 3A Bhuj earthquake: a in-plane
North wall horizontal stress (MPa); b in-plane South wall horizontal stress (MPa); ¢ in-plane North wall
horizontal strain; d in-plane South wall horizontal strain

isotropic hardening model. Initial cracking and crack progression stages are observed in
the in-plane walls. The final cracks occur in the out-of-plane West wall before termina-
tion of analysis. The model was not able to capture the final crack pattern ‘3’ in the in-
plane walls due to convergence issues.

Based on the results obtained from ANSYS models, damage to the out-of-plane walls
and formation of vertical cracks at the corners of the building do not occur at the initial
stage of cracking. Horizontal cracks are observed at both the base and lintel levels of
the piers, initially in the in-plane North wall. Diagonal cracks close to the corners of
the opening are also observed. In ANSYS crack pattern, small circles will appear where
the material is cracked and small octagons when it is crushed (ANSYS 2015). The cross
section of these cracks is circular in the crack plane, indicating the absence of crush-
ing. Similar to the North wall, diagonal cracks close to opening corners and horizontal
cracks at the lintel and sill levels are also observed in the in-plane South wall. The hori-
zontal cracks at the base of the in-plane walls progressed further with time, resulting in
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a continuous horizontal crack at the base of out-of-plane West wall. That out-of-plane
damage induced excessive deformation and the analysis stopped indicating the severe
damage or collapse of the building.

The results obtained from the simplified SAP2000 model indicate a maximum horizon-
tal compressive stress of 0.53 MPa (17.6% of compressive strength) close to the lintels in
the in-plane South wall. Furthermore, the maximum vertical compressive stress developed
in the URM building is 0.7 MPa, which is only about 23% of the corresponding strength.
This clearly shows that the predicted damage to the URM building is associated with the
tensile stress concentration and excessive tensile strain. The lack of crushing at pier toes is
a direct consequence of the models’ partial or total inability to follow the post-peak sof-
tening behaviour of the benchmark building, as evidenced by the numerical-experimen-
tal comparison under quasi-static loading. Nonetheless, this is not a major drawback of
the selected models in view of their force-based seismic assessment before and after the
implementation of base isolation systems. This was the aim of another study by the same
research group (Losanno et al. 2021).

The tensile stress developed at the lintel and sill levels in the in-plane walls tend to
reach the maximum tensile strength of the masonry. Those regions of stress concentration
are highlighted in the horizontal stress distribution shown in Fig. 23a and b. The location
of tensile stress concentration is similar to the location of cracks observed in the initial
stages of damage from ANSYS FE models. However, the damage in out-of-plane wall is
not observed in the SAP2000 model. In addition to the stress concentrations close to the
lintel, large tensile strains are also observed in the piers of the in-plane walls as shown in
Fig. 23c and d. The formation of horizontal cracks is also expected to be coupled with the
activation of a sliding shear failure, in agreement with the higher energy dissipation and
displacement capacity of the URM building.

5 Conclusions

The present study was carried out within a research programme for seismic risk mitigation
of non-engineered constructions through low-cost base isolation. In view of seismic risk
assessment of as-built, fixed-base NECs, this paper has presented a comparative assess-
ment of different macro-models for nonlinear seismic analysis of non-engineered masonry
buildings located in developing countries. Five alternative modelling approaches with
different types of finite elements and material models were considered, including four
detailed 3D models developed in ANSYS APDL and a simplified nonlinear layered shell
element model developed in SAP2000. The developed numerical models were selected
with due consideration to the number of mechanical properties required for a macro-model
approach, in order to reduce the computational work.

A masonry building tested by other researchers was assumed as a case study and was
analysed according to the selected models with both pushover and NLTHA. The mate-
rial properties not available in the literature were suitably calibrated to reproduce the
experimental behaviour available from the literature, particularly the initial stiffness and
peak base shear under incremental static lateral loading. All models confirmed the prime
dependence of maximum load-carrying capacity on either shear (DP model) or ten-
sile strength (models 2 to 5), which are usually significantly lower for NECs than other
masonry structures.
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The 3D modelling of the benchmark building based on SOLID65 finite elements with
kinematic hardening rule provided good accuracy in predicting the peak load capacity and
limited softening in case of pushover analysis. Nonetheless, such a modelling approach
failed during NLTHA even under natural (unscaled) strong ground motions. The model-
ling approaches with DP and SOLIDG6S5 isotropic finite elements were found to overesti-
mate the maximum load-carrying capacity of the building. NLTHA results have shown an
adequate performance of the alternative FE models under natural earthquake records with
PGA between 0.11g and 0.13g. However, convergence issues started occurring during the
analysis with higher acceleration levels. Unconverged solutions have been found, indicat-
ing excessive crack patterns occurring between 0.05% and 0.06% inter-storey drift under
scaled earthquake records with PGA =0.36g.

In case of shell layered element model in SAP2000, the modelling phase is remarkably
facilitated due to use of 2D shell elements and a reduced number of mechanical param-
eters for nonlinear behaviour of masonry. Pushover analysis results have been found to be
in good agreement with experimental data in terms of both peak base shear and corre-
sponding displacement, even if no softening was provided with lower ultimate displace-
ment capacity. In case of NLTHA, the performance of that structural model appears to
be more promising than 3D FE models even if a damping overestimate could be obtained
under stronger input motions. The analysis stopped only under the scaled earthquake with
PGA=0.5g probably due to structural failure rather than numerical issues. Maximum
inter-storey drift and stress distribution are deemed representative of significant damage
under earthquake excitation. Even if a direct comparison with experimental shaking tests
is not available from the literature, peak values of base shear and inter-storey drift derived
through NLTHA are consistent with pushover results and contribute to validate numerical
results. An additional advantage of SAP2000 model relies upon its computational time,
which is significantly lower than 3D models. ANSYS model’s potential under NLTHA is
strongly limited due to excessive cracking when cracks tend to spread more than a cer-
tain limit even under lower intensity ground motion. This would prevent the possibility to
assess the effective seismic capacity of non-engineered masonry buildings under incremen-
tal dynamic analysis without convergence issues.

The displacement capacity of SAP2000 model obtained under earthquake excitation sets
3A and 3B is approximately 0.145% and 0.087%, respectively, which is lower than that
predicted under static loading (i.e. 0.19%). NLTHA of ANSYS models highlighted a maxi-
mum deformation that is only a small fraction (around 10% to 20%) of maximum values
predicted through pushover analysis. In both cases, i.e. SAP2000 and ANSYS, even if peak
shear force is consistent with experimental and pushover results, a limited displacement
capacity is achieved so that possibility to accurately predict ultimate displacement through
numerical models remains questionable without experimental dynamic test. If moderate
plastic deformations of the URM building are expected, e.g. in case of base-isolated con-
figuration, the SAP2000 model strategy could provide a suitable solution.

Even if a direct comparison with experimental shaking tests is not available from the
literature, peak values of base shear derived through NLTHA are consistent with push-
over results whereas inter-storey drift values are slightly lower. Numerical models under
NLTHA demonstrated lower displacement capacity in comparison to static analysis espe-
cially in case of ANSYS models. Further research needs to be carried out in order to
improve the numerical accuracy in the prediction of displacement capacity unless limited
ductility demand is considered as in the case of base-isolated URM buildings.

In view of these considerations, the simplified SAP model represents a trade-off
between accuracy of results and numerical burden with significant advantage in the

@ Springer



Bulletin of Earthquake Engineering (2021) 19:5565-5607 5603

modelling process. Thus, this simplified model can be used to run nonlinear seismic analy-
sis for developing fragility curves of NECs. Even if SAP2000 does not provide results in
terms of cracking pattern, it is also important to note that this approach is capable of pro-
viding stress distributions in the wall panels. This finally helps in both tracking damage and
designing proper seismic strengthening techniques including low-cost base isolation. This
also shows that the ANSYS models considered in the study are not suitable for predicting
the masonry behaviour up to failure, especially for capturing displacement capacity.

The next step of this study is the development of fragility curves for different geom-
etries (e.g. number of storeys, plan area, wall and opening distribution, material proper-
ties, etc.) of common housing units in developing regions. To achieve this goal, the model-
ling strategy in SAP2000 with nonlinear shell layered elements could be implemented for
a huge number of numerical simulations. In this perspective, the authors of this paper will
assume a number of case studies to be numerically investigated under the following differ-
ent conditions: (1) the conventional, fixed-base building configuration with limited seismic
capacity due to low-strength masonry and poor detailing; and (2) the novel, base-isolated
building configuration with improved performance thanks to low-cost isolators. For this
reason, the partial inability of some models to follow the post-peak softening of the build-
ing structure (associated with crack propagation throughout masonry) and to accurately
estimate effective damping is not a main drawback in order to investigate the overall seis-
mic capacity with limited internal stress in case of base isolation. At the same time, in case
of severe damage the model would be capable to provide internal stress concentrations and
numerical instability due to loss of convergence.
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