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Abstract

The present paper adopts a sophisticated numerical modeling technique using a plasticity-
based simplified micro-model method and the extended finite element method for simulat-
ing the nonlinear behaviour of unreinforced masonry (URM) walls with different types of
sizes and positions of openings. The validity of this model has been proven by comparing
the results subjected to a similar loading obtained by the experimental approach. Thereaf-
ter, the validated computational model is used to study the behaviour of the 3D URM wall
model with different opening percentages. The effect of the position of the openings is also
studied. Further, the load—displacement curves are drawn to provide a clear idea about the
load-carrying capacity of the same URM walls. The hysteretic behaviour obtained in each
model under cyclic loading gives an idea about the energy dissipation capacity of each
of the models studied. The same walls are analyzed by strengthening the walls with two
cost-effective materials, wire mesh and polypropylene bands. Since the study on lateral
behaviour of masonry walls, particularly regarding the effect of area and the position of
the opening, is very rarely available, the present detailed study is believed to be helpful in
reducing the seismic vulnerability of actual masonry structures, which always have open-
ings with different sizes and positions.

Keywords Finite-element method - Unreinforced masonry - Openings - Strengthening -
Hysteretic behaviour - Cyclic load - Concentrated load

1 Introduction

Masonry structures prevail in very large numbers in many developing countries like Indian
subcontinent and places in Europe (e.g. Italy) (Schildkamp et al. 2020). The people belong-
ing to low to middle-income groups often fail to afford structures constructed by reinforced
concrete and can only afford masonry structures as low-cost alternatives with less technical
input. Since unreinforced masonry cannot take tension, its lateral load resistance capacity
is lower than the vertical load capacity. i.e., dead load and live load. Hence, the masonry
structures have undergone catastrophic failures with considerable loss of properties and
lives during earthquakes.
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On the other hand, the lateral load capacity of the masonry building along a particu-
lar direction primarily depends on the in-plane stiffness and strength of masonry walls
available in the direction. Following these behavioral mechanics, considerable research
efforts have been made to evaluate the in-plane resistance of the URM walls. (Nayak
and Dutta 2016a; Deb et al. 2021; Zhang et al. 2022). However, in reality, the in-plane
walls are not continuous. Instead, they may have openings in various positions in the
form of doors and windows in order to permit the functional requirements. The open-
ings may reduce the strength of the masonry wall as a whole. A similar trend is also
observed for the loading in the out-of-plane direction, where the out-of-plane load-car-
rying capacity reduces due to the openings in the walls (Khattak et al. 2021). But the
quantitative estimation about the reduction in strength, particularly due to the effect of
the area and the position of the opening, is very tough.

Indeed, the modelling of brick-masonry elements and their interface is itself very
challenging and depends on different aspects (e.g., brick pore dimensions, compaction
of the mortar, nature of micro-layer of masonry units, etc. Hendry 1998). In a broader
sense, there are two basic types of computational methods for masonry structures:
macro-modeling and micro-modeling (Lourenco 2002). The macro-modelling tech-
niques use various formulations to provide a continuous macroscopic description of the
nonlinear mechanical behaviour of the masonry wall (e.g., phenomenological plastic-
ity (Brasile et al. 2010), damage mechanics (Pegon and Anthoine 1997) and nonlocal
damage-plasticity (Toti et al. 2015; D’Altri et al. 2018) etc.). However, the hypothesis
of isotropic material is not suitable. Moreover, the inelastic behaviour of the masonry
walls is primarily affected by the discontinuities in the displacement behaviour gener-
ated at the brick—mortar interfaces (Vasconcelos and Lourengo 2009). So, the interface
elements find widespread application in the numerical study of masonry constructions
(Gambarotta and Lagomarsino 1997; Lourenco and Rots 1997; Alfano and Sacco 2006;
Fouchal et al. 2009; Parrinello et al. 2009), which mainly emphasizes the requirements
of using the micro-modelling techniques for the masonry elements. The discrete ele-
ment model (DEM) further improves the numerical strategies to analyze the mechanical
behaviour of URM systems made with particles, blocks, or multiple bodies (Formica
et al. 2002; Casolo 2004; Lemos 2007; Smoljanovic¢ et al. 2015; Bui et al. 2017; Beatini
et al. 2017; Baraldi and Cecchi 2018). But the main problem is that the DEM approach
generally does not account for masonry crushing (Bui et al. 2017). Therefore, it is very
challenging to describe the accurate nonlinear compressive behaviour of masonry walls.
In fact, it is determined by the texture of the masonry elements, the direction of the
compressive stress, and the proportions of the bricks and mortar joints sizes (Stefanou
et al. 2014). Additionally, the idea of developing an accurate 3D solid model to consider
the in-plane and out-of-plane response of masonry elements was also contemplated. So,
a detailed 3D micro-model of the numerical analysis of URM structures is used follow-
ing the previous research (Abdulla et al. 2017; D’Altri et al. 2018). In this modelling
approach, brick and mortar layers are specially modelled by using 3D solid Finite Ele-
ments (FEs), adding Drucker-Prager (DP) plasticity laws conceived in the framework
of non-associated plasticity (Drucker and Prager 1952). This enables the representation
of brick and mortar behaviour during crushing or cracking. A Mohr—Coulomb failure
surface characterizes the interfaces with tension cut-off. The coupling of contact-based
rigid cohesive interfaces with the 3D nonlinear damage of textured units is used to
model masonry interfaces. The interface behaviour is governed by the typical surface-
based contact behaviour applied in a FE software named Abaqus (Abaqus 2022). This
modelling approach is applied to masonry walls with openings also.
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Further extending this study, it was checked that the lateral load capacity of the URM
wall elements could improve easily by strengthening. Many researchers have checked it
experimentally. The in-plane lateral response of the strengthened URM walls with fer-
rocement, polypropylene (PP) bands (Yardim and Lalaj 2016), and textile reinforcement
mortar (Yardim and Lalaj 2016; Ismail and Ingham 2016; Akhoundi et al. 2018; Shab-
din et al. 2018; Giaretton et al. 2018) was investigated in a limited experimental scope.
In another study, URM walls were strengthened using several types of meshes made of
nylon strips, geogrid materials, and plastic cement bags (Chourasia et al. 2019). Fabric-
reinforced cementitious materials (FRCM) are another way to reinforce masonry structures
(Babaeidarabad et al. 2014; Sagar et al. 2017; Casacci et al. 2019) with the help of ACI 549
code to calculate the shear capacity of FRCM materials (ACI 2013). Rigorous shake-table
experiments also tested some other economic reinforcing measures of URM wall panels
with Polypropylene (PP) bands, wire meshes, and L-shaped bars (Bhattacharya et al. 2014;
Nayak and Dutta 2016a; Banerjee et al. 2019).

In this context, the present study makes an effort to study the reduction in strength of the
masonry walls and calculate the actual lateral load-carrying capacity of masonry structures
compared to the overestimated one considered very frequently without giving any consid-
eration to strength due to opening and how it regains its strength due to strengthening. The
essential components of the modelling approach are illustrated in the next section. Figure 1
describes the analysis steps involved in this paper.

2 Methodology

Several researchers have followed different approaches of modelling to analyze the URM
structures (Lourengo 2002; Petracca et al. 2017; D’Altri et al. 2020). The numerical model-
ling was conducted by the simplified FEM micro-modelling approach, where the mortar
and the masonry elements are considered continuum units (See Fig. 2). The surface bound-
aries between the masonry bricks are applied through the interaction properties which are
readily accessible in the software named ABAQUS. A sample of a real URM masonry wall
unit is shown in Fig. 2a; a simplified continuous micro-modelling idealization is shown in

Study of the existing Validation of the single

. : Input data from 3D Simplified :
lltera!ure on micro xistinig litecabures micro-modelling \Yy‘tht.a URM wall w.vnh
modelling of masonry f lidati of masonry simplified FEM micro-
elements or va dation modelling
FE Modelling of the wire Selection of four types Selection of four types
meshes and PP band of opening positions of opening percentages
strengthening measures for simulating the « for simulating the
for URM walls masonry walls masonry walls
Analysis of the wire Analysis of the selected
meshes strengthening walls under concentrated —~——
measures for URM walls loading
Analyais 0? the PP baud Analysis of the selected
strengthening measures lls under cyclic loadin;
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Fig. 1 Analysis steps involved in the paper
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Mortar continuum
nonlinear model

Brick continuum

iicaliiieas model (No interfaces)

Fig.2 Modelling strategy for masonry walls a masonry wall segment, b simplified micro-modelling (fol-
lowing (Lourenco 2002; Petracca et al. 2017))

Fig. 2b. A simplified micro-model has been considered because it takes significantly lesser
duration while producing significantly more precise results (Abdulla et al. 2017; Debnath
et al. 2023). This method is based on contact penalty formulas and explicit integration
methods. The numerical modelling and the material qualities are derived from the previous
literature for masonry and mortar units (Lourenco 1996; Abdulla et al. 2017; Debnath et al.
2023). The whole method is explained below in brief.

2.1 Modelling of masonry units

There are mainly five types of failures in the interface between brick and mortar, as
described in Fig. 3. Idealization and proper definition of each failure is very important to
describe the possible failure modes. The very first one is the failure in pure tensile (see

Fig.3 Typical crack patterns of masonry elements; a pure tensile failure of the interface joints, b pure slid-
ing shear failure at the interface, ¢ diagonal cracking through the assembly, d crushing of brick units, and e
tensile cracking failure of both brick and mortar assembly (described in detail in Lourengo and Rots (1997))
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Fig. 3a), then the second one is the failure due to pure sliding shear (see Fig. 3b). Similarly,
the third one is the combined failure mode resulting from the cracking and shear failure
along the diagonal direction (see Fig. 3c), the fourth one is failure due to the crushing in
the masonry unit (see Fig. 3d), and the last one is cracking in the brick units (see Fig. 3e).
All the modelling steps for bricks, mortars, and strengthening materials and required equa-
tions are described chronologically.

2.1.1 Linear behaviour of the cohesive zone interface joints

The cohesive zone theory for modeling of the interface element was introduced in 1960
by Dugdale (Dugdale 1960) and later developed by Barenblatt (Barenblatt 1962). Basi-
cally, the cohesive element can capture the actual results of the interface joints between
the masonry units (Bolhassani et al. 2015, 2016; Zhang et al. 2017; Thakur et al. 2020;
Salsavilca et al. 2020; Naciri et al. 2021a). In this study, surface-to-surface-based cohesive
behaviour is used considering two basic interface failure modes: tensile cracking (Mode-I)
and shear sliding (Mode-II-IIT). The traction—separation law is used here to express the
mechanical constitutive model of cohesive behaviour. The surface-based cohesive behav-
iour can be divided into three stages: the first is linear elastic traction—separation, the sec-
ond is damage initiation criteria, which correspond to damage occurrence on the interface,
and the third is guided by damage evolution rules. Equation (1) defines elastic behaviour by
a constitutive matrix that relates the normal and shear stresses to normal and shear damage
separations along the interfaces. Here K represents the elastic stiffness matrix, where Ky,
denotes the normal stiffness and K5 and Ky denote the transverse stiffnesses of the inter-
face elements. The nominal traction stress vector (¢) is also consists of three parts: ty, s,
and tyr, which basically represent the tractions in normal and two shear directions, respec-
tively. The corresponding separations are denoted by 6y, 6y, and 6.

ty K, 0 0 oy
t =KX 6éwheret =19 tyg (. K= 0 Kyg 0 l|andé =< oyg (1)
Tur 0 0 Kyr Our

The equivalent stiffness (Ky, KygandKyr) of the interface joints is defined as a function
of elasticity modulus of the brick and mortar elements thickness (Lourenco 1996).

2.1.2 Inelastic response of the masonry joints

Initially, the deterioration of the cohesive response at contact surfaces is referred as the
initiation of damage. In this criterion, damage occurs when a quadratic interaction function
incorporating the contact stress ratios equals one (Campilho et al. 2008). The quadratic
stress criterion is utilized in this study to examine the damage initiation criterion at the
brick—mortar interface. The equation is expressed in Eq. (2).

2 2 2
t t t
t V.max Z‘HS max tHT,mux

Here t,, denotes the compressive stresses that dominate the fracture behaviour of the
masonry joints that is purely excluded from the tension in the normal direction. The
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tensile cracking failure of the joints of the masonry assemblage is defined by the shear
failure defined by the Mohr—Coulomb failure criteria, as depicted in Eq. (3).

Terit = C+ Hu X Oy (3)

Here 7, denotes the shear failure criteria of masonry joints, C denotes the cohe-
sion between the surface, y denotes the coefficient of friction, and o, denotes normal
compressive stress. Thus 7, is used to describe shear strength in both directions of the
masonry joints (Z,,,, and ¢,,,.). These values may accurately predict the initiation of
cracks between the joints and the initial failure modes in sliding shear.

In the post-failure mode definition, the critical shear sliding criteria is defined by
Tyliging- 1€ €quation is shown in Eq. (4).

Tsliding = pXo, (4)

When the corresponding damage initiation criterion is satisfied, the propagation of
the cracks between the masonry joint interfaces causes stiffness degradation at a par-
ticular rate and finally reaches the ultimate failure. The damage evolution law is defined
based on the linear softening of the fracture energy, which is defined as the area under
the traction—separation curve (Abdulla et al. 2017; Debnath et al. 2023). Hence, Eq. (1)
can be rewritten as Eq. (5).

t=(-D)x[K]x {5} %)

Here the damage evolution variable is denoted by D, which gradually increases from
0 to 1 after damage initiation depending on the stresses due to traction. As a result, the
linear damage evolution variable is also considered with the dissipation of energy. The
corresponding equation is shown in Eq. (6).

5!3 X (53 max 56 ,0)
p = s X Gop i ©
5ejf,max X (6eﬁ',/' - 5ef]’",0)

The effective separation is denoted by 6,4, which is defined in Eq. (7) (Camanho and

Dévila 2002).
Sy =/ 6" + 84+ 62, (7)

The effective separation at complete failure is denoted by 6,4, The corresponding
equation is shown in Eq. (8).

2X Gye
T 0

O = ®)

Here 6,4 defines the separation of the elements at the initial stage of the analysis,
0.5 is the actual separation of the masonry elements at ultimate failure load, 6,4 4
defines separation at the ultimate loading condition, 7, defines the actual traction at
the initiation of damage and G defines the mixed-mode fracture energy at the most
critical condition, mainly defined by the Benzeggagh-Kenane (BK) fracture criterion
(Benzeggagh and Kenane 1996). G~ denotes the critical fracture energy for Benzeg-
gagh-Kenane (BK) fracture law in the mixed mode, as shown in Eq. (9).
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Gy + Gy }’7 ©)

Gre = Gie + (Gye — Gye) X
TC 1c+ Giuc 1c) {Gl +G, + Gy

In the BK law, the exponent value, #, is considered as 2 as masonry joints are consid-
ered as brittle material (Benzeggagh and Kenane 1996).

2.1.3 Proposed finite element method for modelling

As a simplified micro modelling approach is adopted for this study, the brick elements
are modelled as eight nodded 3D hexahedral-shaped units. Hard contact property is used
between the adjacent masonry surfaces, i.e., they transfer pressure whenever the surfaces
come into contact. The node-to-surface interaction approach is used to establish contact
between nearby masonry parts. The extended FEM (XFEM) method can easily execute
crack propagation in the masonry units (Belytschko and Black 1999). In XFEM, a new
discontinuous function is used in addition to the primary finite-element method (Melenk
and Babuska 1996). For simulating the crack pattern, an enrichment function is used by
an approximate function of the displacement vector, {u} which is independent of the mesh
size. The corresponding equation is shown in Eq. (10). In this expression, N,(x) denotes
nodal shape functions, #; denotes the nodal displacement vector, H(x) denotes discontin-
uous jump functions primarily signifies the crack pattern, g, is a vector that denotes the
nodal degree of freedom, F(x) denotes crack-tip functions and by denotes the enrichment
function of the nodal degree of freedom. This method is employed here through ABAQUS.
The expression is shown below (Moes et al. 1999).

4

u= ZN,(x)X u; +H(x)><a,+ZFD((x)><b;" (10)
IeN x=1

This study also took nonlinear geometrical effects into account. Viscous regularisation
and mesh sensitivity analysis is also very important for accurate simulations. An appro-
priate number of elements should be used to model the masonry elements for accurate
converging results. This is practically achieved when a mesh size of 7 X 2 X 2 elements is
chosen. After that, the increase in mesh density has an insignificant effect on the results.
A detailed analysis is done for different viscosity parameters and different mesh sizes by
Abdulla et al. (Abdulla et al. 2017). This study selects 0.002 as the most suitable value for
the viscosity parameter. Therefore, the same value is used for this study also.

2.1.4 Drucker-Prager (D-P) plasticity model

The nonlinear property of the masonry brick units can be predicted using the Drucker-
Prager plasticity model (Drucker and Prager 1952). Here, the D—P hyperbolic function and
non-associative flow rule define the plastic flow potential (Pluijm 1992; Abasi et al. 2020;
Naciri et al. 2021b). The expression is shown in Eq. (11).

G= \/(e U,Otany/)2 + g2 — ptany (11)

Here € denotes the coefficient representing the eccentricity, o,, denotes the tensile
stress and y denotes the dilation angle. This criterion has previously been used to simu-
late masonry elements such as bricks (Abdulla et al. 2017). The stresses-strains curves are
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defined based on the alternate hardening and softening criteria of the D-P plasticity model
to obtain the ultimate compressive strength of the FE models. The eccentricity parameter is
set at 0.1 by default. In the literature, the dilatation angle for unreinforced masonry struc-
tures is commonly assumed to be 36° (Pluijm 1992; Abasi et al. 2020; Naciri et al. 2021b).

2.1.5 Extended elasticity modulus of the masonry units
The extended elasticity modulus is adjusted (E,;) for the expanded masonry units, as the
size of the masonry units has to be increased with respect to the actual masonry units. It
is mainly determined using a formula that considers the elasticity modulus of the origi-
nal masonry units and mortar and the geometry of the actual masonry assemblage. Hence,

Eq. (12) adopts the uniform distribution of stresses in masonry units considering the even
stack bond (Abdulla et al. 2017; Wilding et al. 2020).

HXE,xE,

E .=
“i ™ pxh,XE,, + (n — 1)xh,,xE, 12)

where H denotes the wall height, and n denotes the number of layers. The other parameters
are defined in the previous equations. All the selected values are shown in Table 1.

2.2 Numerical modelling of the strengthening materials

Seismic strengthening aims to increase the ultimate strength of a building by strengthen-
ing its capacity to absorb inelastic deformation. This can be accomplished by altering the
structural system such that energy is transported via alternate load paths or by enhancing
the ductility of the constituent parts of the structural system. Some real-life examples are

Table 1 Properties of the constitutive masonry units and the interface joints

Name of properties Categories Properties Values Units
Elastic properties Mortar E. 780 MPa
Brick units v 0.15
E, 16,700 MPa
Expanded units E.qg 4050 MPa
Joint interface stiffness Ky 82 N/mm?
Kyr 36 N/mm?®
Kys 36 N/mm?
Properties of the joint Tension Gie 0.018 N/mm
interfz.lces nonlinear y, 025 Mpa
material Cohesion c 0.350 MPa
Shear Gie 0.125 N/mm
u 0.75
Compression o, 10.5 MPa
Properties of the extended Tensile Properties Gie 0.08 N/mm
masonry elements Tensile strength 2.0 MPa
Shear Properties Gie 0.50 N/mm
Shear strength 2.8 MPa
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Fig.4 Strengthening of the
masonry building with PP band
in Nepal (Macabuag et al. 2012;
Heydariha et al. 2019)

Table 2 Properties of

T f material P t N ical val
strengthening material used Jpe ol materia ropery umericat vatue
(Nayak and Dutta 2016; PP band Width 10 mm
Banerjee et al. 2019) ) )

Density 0.91 g/em’
Thickness 0.85 mm
Yield strength 1243 MPa
Ultimate strength 19.7-80 MPa

Wire mesh Size of each rectangle in  3.12 mm X 2.54 mm

the mesh

Diameter of the wire 0.12 mm
Ultimate strength 700 a

shown in Fig. 4 (Macabuag et al. 2012; Heydariha et al. 2019). These structures have been
retrofitted in Nepal.

Many methods are available for seismic strengthening of an unreinforced masonry wall,
such as ferrocement, post-tensioning, shotcrete, grout and epoxy injection etc. (Babaei-
darabad et al. 2014; Yardim and Lalaj 2016; Ismail and Ingham 2016; Sagar et al. 2017;
Akhoundi et al. 2018; Shabdin et al. 2018; Giaretton et al. 2018). Each of these methods
has many advantages as well as disadvantages. However, sometimes the cost of retrofit-
ting is not reasonable. So, these methods are not suitable for developing countries. There-
fore, some cost-effective measures like wire meshes and polypropylene (PP) bands are also
tried experimentally for strengthening URM walls (Nayak and Dutta 2016b, a). The same
cost-effective strengthening measures are used here for numerical analysis of the strength-
ened URM walls. The quantitative results will show the effectiveness of the cost-effective
strengthening measures in resisting earthquake loadings in a very accurate way. Previously
some researchers used the similar method for the numerical modelling of the strengthening
materials (Abdulla et al. 2018; Debnath et al. 2023).

ABAQUS software has used a finite element model for modelling and pasting the wire
meshes. As done in the experiment, commercially available wire mesh properties are pro-
cured from the local market, as used in previous studies (Nayak and Dutta 2016a, b; Baner-
jee et al. 2019). The same properties are used here for the numerical modelling of the wire
meshes. The tensile strength is also considered from the experimental test results, which
have been done as wire mesh grids. All considered values for modelling the wire meshes
are shown in Table 2. These wire meshes and PP bands are anchored on the walls and
pasted with a cement-sand mortar layer with 1:5 ratio. Hence, these elements are consid-
ered as a continuum shell element and pasted as a layer for taking stresses as tie constraints.
Nonlinear SHELL element is used with six degrees of freedom in each node (Abdulla
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et al. 2018). In this study, a perfect bond between the materials is assumed. The cohesive
property of the strengthening materials and the URM walls are considered using the tie
constraints definition available in ABAQUS. The strengthening materials are considered
orthotropic and exhibit lamina behaviour, remaining in an elastic state. The elastic strain
values for these materials are assumed to be fixed, as mentioned in (Zhang et al. 2017). For
the current analysis, the delamination and fracture failure of the strengthening materials is
not considered. The elements are meshed in a manner where each strip is divided into 210
elements. This meshing approach has been previously employed in the literature (Abdulla
et al. 2018; Debnath et al. 2023) and has been verified for accuracy through a sample con-
vergence study. The present study examines the in-plane behaviour of URM walls strength-
ened with wire meshes subjected to lateral loading.

3 Validation

Validation of the accuracy of the proposed model is essential for further simulation. An
idealized model of a masonry wall under quasi-static in-plane cyclic loading is validated
with the previously done experimental models (Lourengo and Rots 1997; Macorini and
Izzuddin 2011; D’Altri et al. 2018).

This wall is considered as a single wythe of brick in the idealized model. The wall is
modelled as fourteen (14) courses of bricks. The dimensions of the bricks are 240 mm in
length, 120 mm in width and 75 mm in height. The URM wall dimensions for the valida-
tion program are denoted 960 mm in length, 120 mm in width and 1050 mm in height.
The mortar layer is considered as 10 mm of thickness. The water content is considered
according to the Indian standard codes, and the cement-sand ratio is used here as 1:5. All
the values are verified from (IS 2250 1981; IS 456 2000; Debnath et al. 2023). Along with
this, the mortar layer is also adjusted (E,;) in the simplified micro-model. The interaction
properties are assigned between the brick unit surfaces as used for mortar. The top and bot-
tom beams are considered as rigid beams. The adjacent courses of the brick elements are
fixed with rigid beams for proper transfer of the applied forces. The beam attached at the
bottom of the wall is fixed to the ground. Vertical compressive stress was applied on the
top of the beam added on the wall for uniform distribution of stresses. Then the transverse
(out-of-plane) movement of the wall was restrained. Finally, a displacement control load
was applied horizontally at one side of the top beam, as shown in Fig. 5a. The displace-
ment time history is shown in Fig. 5b.

The results were analyzed using the three distinct displacement values shown in Fig. 6.
The displacement values are denoted as point A, at which the first visible crack in the
analysis was observed. The ultimate failure in the walls was designated as Point C. Point
B denoted the displacement value matching to the maximum load values acquired from
numerical simulations. The ultimate failure criterion is considered for this study, as desig-
nated by point C.

The numerical simulation result of the proposed model shows a similar agreement with
the previous experimental results. A good agreement between the observed crack patterns
can also be noted. Figure 7 shows the stress distribution over the whole wall. The cracks
were developed in the wall unit, leading to stress redistribution, resulting in the combined
diagonal and sliding shear failure due to cyclic loading. Figure 8 represents the experi-
mentally obtained load—displacement diagram for the imposed vertical stress of 0.7 MPa
(Mojsilovi¢ and Page 2009) compared with the numerical load—displacement diagram
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Fig.5 a Test setup for the masonry assemblage under cyclic loading, b Displacement time history

Fig.6 Control points of the
horizontal load—displacement
response

Fig. 7 Failure pattern of the
numerical model of the proposed
URM wall (Stresses are in N/m?)
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3
3

Fig.8 Comparison between the
horizontal load v/s displacement
responses for the experimental
model (Mojsilovi¢ and Page
2009) and the proposed numeri-
cal model

Load (kN)

o
S

=
13

Displacement (mm)

of the proposed model, which is quite similar to the experimental results. Some other
researchers also validated the same numerical model of the under out-of-plane cyclic load-
ing (D’Altri et al. 2018; Deb et al. 2021).

4 Case studies of the masonry walls with openings

The in-plane performance of the masonry walls is very important for analyzing the URM
buildings. Therefore, it is wise to check the performance of the masonry walls with differ-
ent opening percentages under the above-mentioned lateral in-plane loading. The speci-
mens included masonry walls with four configurations. The first one is without opening,
the second one has 25% opening, the third one has 50% opening, and the fourth one has
75% opening. Within the limitation of the single paper, the different types of masonry
walls with different openings are shown in Fig. 9. Each of these walls is subjected to con-
centrated and static cyclic loading at the same place. The first kind of loading will help to
understand the load—displacement behaviour of such walls and facilitate the comparison
of four types of walls. On the other hand, the repetitive/cyclic loading helps to realize how
much hysteretic energy the walls can dissipate and how the presence of opening influences
such energy dissipation capacity.

Fig. 9 Masonry wall modelling for in-plane testing of loading, a wall with no opening, b wall with 25%
opening, ¢ wall with 50% opening, and d wall with 75% opening
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4.1 Effect of in-plane concentrated loading

The URM walls were modelled to simulate under in-plane concentrated loading condi-
tions showing different failure patterns, which is really interesting to discuss. Figure 10
shows the min principal stress patterns for the walls with different opening percentages.
The load—displacement behaviour of the four walls is shown in Fig. 11. The first wall is not
having any openings, while the next walls have 25%, 50%, and 75% openings, respectively.
The load—displacement curve for the walls without opening does not exhibit a smooth
trend. Further, when the load attains 40 kN, then diagonal shear failure starts, and a drop
in load-carrying capacity is observed. Then this process of diagonal shear failure continues
up to the ultimate failure of the wall approximately at 45 kN of load and 6 mm of displace-
ment. A similar kind of load—displacement curve was observed in the previous literatures
where the masonry walls without opening were modelled in a similar manner (Abdulla
et al. 2017; Debnath et al. 2023).

On the other hand, the URM wall with 25% opening throughout exhibits a lesser load-
carrying capacity than the previously mentioned case, i.e., the wall without an opening.
This is also expected, but the failure pattern is different from the previous case. In this case,
the failure initiates from the corners of the openings, and the crack keeps propagating with
the increase in load up to the failure. Hence the failure load is 40 kN though the ultimate
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Fig. 10 Min principal stresses diagram (N/m?) of the masonry walls undergoing in-plane concentrated load-
ing, a wall with no opening, b wall with 25% opening, ¢ wall with 50% opening, d wall with 75% opening
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displacement is almost the same, i.e., 5.7 mm. Following the same trend, the wall with 50%
opening has a lesser load-carrying capacity than the wall with 25% opening. The masonry
wall with 50% opening can take up to 24 kN loading, and the maximum displacement is
5.3 mm. A similar trend is observed for 75% opening in the wall when the load—displace-
ment curve shows the lowest load-carrying capacity, indicating the lowest strength, i.e.,
14 kN. The ultimate displacement is 4.8 mm. The ultimate displacement in each case is
decided by the fact that while crossing this displacement, the wall undergoes collapse, los-
ing all its load-carrying capacity.

4.2 Effect of in-plane cyclic loading

The same series of URM walls with different opening percentages were simulated to inves-
tigate the behaviour of the masonry walls when a displacement control-based cyclic load-
ing is applied at the top. Figure 12 shows the min principal stress patterns for the walls
with different opening percentages. Figure 13 presents the load—displacement hysteresis
behaviour of four walls, as mentioned in the previous section.

Comparing Fig. 12a—d, it may be found that the maximum tensile stress has been devel-
oped in the order of 0.9 N/mm? because the masonry walls cannot take more tensile stress
than that. Hence the tensile stress is generated when the load is applied, and such ten-
sion is generated over a much larger region below the area of the diagonal going from the
upper corner (where the load is acting) towards the other diagonally opposite corner. So,
the failure occurs because of a larger tensile zone and such a wall without opening can
take about 45 kN of lateral cyclic loading. As expected, the lateral load-carrying capacity
keeps on reducing when the opening starts increasing, as observed in earlier cases. On the
other hand, such a vast tensile zone cannot propagate over a larger area, possibly because
of the presence of the opening. However, the load-carrying capacity for the wall with 50%
opening comes down to 25 kN. For 75% opening, the load-carrying capacity further comes
down to 15 kN. Hence, it can be stated that the reduction in strength is almost similar to the
reduction in the area of the brick wall due to opening in a very approximate sense.

However, the overall behaviour of the masonry wall is almost similar as observed
for the walls with concentrated loading applied in the previous section. The hysteresis
curves shown in Fig. 13 imply that the opening reduced the ductility and energy dissipa-
tion capacity very sharply with the decrease in the area of the curve. It may be realized
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Fig. 12 Min principal stresses diagram (N/m?) of the masonry walls undergoing in-plane cyclic loading, a
wall with no opening, b wall with 25% opening, ¢ wall with 50% opening, d wall with 75% opening
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that the wall with 75% opening almost loses ductility as well as energy dissipation
capacity. The cases with 50% and 25% openings exhibit ductility and energy dissipation
capacity in between the two extreme cases.
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For the sake of academic interest, the behaviour of the masonry wall with 25%, 50%,
and 75% opening has been studied to develop an insight into the effect of the opening.
However, in reality, the opening in most of the cases becomes above 50%. Thus, the quanti-
tative estimation of the reduction in the lateral load-carrying capacity and reduced inelastic
deformation due to 50% opening as compared with the wall with no opening may be used
as a broad guideline for the design of masonry buildings. It may be physically interpreted
that the occurrence of a larger tension zone due to the presence of an opening reduces
stress and ductility. Further, the stress concentration at the corners is identified for the for-
mation of such a tensile zone, which implies that the crack is propagating. In fact, because
of this reason, when PP band and wire meshes have been added, then they attribute a con-
siderable amount of tension carrying capacity resulting in the tensile zone created due to
which stress concentrations is minimized, as elaborated later in Sect. 4.4.

As seen in Figs. 6 and 8, it is seen that the micro-model approach can predict the crack
that occurred in various parts of the URM wall with sufficient accuracy. Tensile stress
appeared at the mortar joints of the upper and lower side corners of the openings in the
early phases of the simulation (Fig. 14). The maximum plastic stresses at Point B revealed
that the staircase pattern of failure began at the lower corner of the opening and progressed
through mortar joints. The diagonal failure line moved from the upper corner of the open-
ing towards the top portion of the wall at Point C, generating a cracking pattern looking
like that of stepped nature (10—15 mm), which became more visible around the opening.

4.3 Influence of the presence of an opening at one side or corner of the wall

In this subsection, the distribution of principal stress, hysteretic energy, and the curve
exhibiting hysteretic behaviour are presented for each of the cases studied. As may be
understood from the heading of the subsections, the openings are placed at the various
openings peripheral as well as corner positions to see the effect of location change and also
to examine whether the vulnerability increases due to such irregular placement of open-
ings as compared to the wall in which the openings are placed at the central positions. The
wall without an opening and with an opening at the centre are studied to see the variation
of stress distribution and hysteretic energy dissipation. These two cases are presented as a
reference and the corresponding stress distribution and hysteretic behaviour curve. Three
cases for irregular openings are presented in Fig. 15. These cases contain the opening at
the lower left-hand side corner, the one where the opening is located near the left-hand
side periphery, and the last case has an opening at the left-hand side bottom corner. All the
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Fig. 14 Detailed cracking pattern where the maximum principal stress has been developed distribution

obtained from micro modeling a wall with no opening, b wall with 25% opening, ¢ wall with 50% opening,
d wall with 75% opening
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Fig. 15 Min principal stress diagram of the masonry walls with 50% opening undergoing in-plane cyclic
loading, a without opening, b opening at the centre, ¢ opening at the upper corner, d opening at the middle
side, e opening at the bottom corner

cases are analyzed, and the results are presented to develop an understanding of how much
the location of the opening may cause stress development and hysteretic energy dissipation
relative to the two reference cases mentioned above.

As expected, the strength and the hysteretic energy dissipation capacity are maximum
in the wall without an opening, and with the opening at the centre, the strength slightly
decreases with the decrease in energy dissipation through the hysteretic curve is very low.
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Due to the opening at the top, there is a 20% reduction in the maximum force-carrying
capacity, and hysteretic energy dissipation is also reduced compared to the wall without
an opening. While the other three cases, as given in Fig. 15c—e, a gradual reduction in
the maximum load-carrying capacity are observed. Hysteretic energy in all three cases
is reduced as compared to the one exhibited by the wall with no opening. However, the
most interesting point is that all the cases with an opening almost show the same hyster-
etic energy dissipation capacity, and thus, it may appear that the location of the opening
doesn’t influence the hysteretic behaviour, though, as mentioned earlier, it causes a small
drop in maximum force carrying capacity as observed from the hysteresis curves presented
in Fig. 16 for the cases represented by Fig. 15c, d, e respectively. The wall becomes tre-
mendously vulnerable if the corner opening lies near the bottom-most corner load is being
applied. This may be due to the increased surcharge dead loads from the bricks set above.
In fact, looking at the overall scenario, it may be described that if the opening is unavoid-
able for a functional reason, it should be placed in the central region of the masonry wall as
far as the practical reason.

4.4 Effect of cyclicloading applied on the strengthened masonry walls

Cost-effective strengthening measures are essential for masonry structures to sustain lateral
earthquake loadings. Therefore, an effort has been made to improve the performance of
the URM walls with the use of cost-effective strengthening materials like Polypropylene
bands and wire meshes, as shown in Fig. 17. The properties of the strengthening materi-
als are considered from the test data available in the previous literature which were tested
experimentally (Nayak and Dutta 2016b, a; Banerjee et al. 2019). The effect on the per-
formance of the URM walls with different opening percentages is shown in the following
subsections.

4.4.1 Improvement in performance of the masonry walls strengthened with wire
meshes

The first strengthening method to be studied here is the application of wire mesh. As rec-
ommended, the steel meshes are most effective in the relatively weaker regions, i.e., the
corner and joints at the bottom and top of the walls (Gambarotta and Lagomarsino 1997).
However, here the wire meshes are used throughout the wall. The steel wire mesh is 1 mm

= without opening

= 50% opening at centre

= 50% opening at the top

= 50% opening at middle corner
50% opening at lower corner

Base Shear (kN)

-15 -10 -5 0 5 10 15
Displacement (mm)

Fig. 16 Load—displacement curve for the masonry walls under cyclic loading
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Fig. 17 Strengthening measures a Strengthened URM walls with wire mesh, b Strengthened URM walls
with PP bands

in diameter with 5 mm spacing in both directions (Gambarotta and Lagomarsino 1997).
In practice, the steel wire mesh is rendered with a layer of cement mortar just to protect
the steel wire mesh. Therefore, in the model, a uniform 10 mm layer of cement mortar is
planned to be applied, and on top of this, the steel wire mesh is supposed to be placed and
modelled accordingly. The details of the reinforcement geometry are shown in Fig. 16a.

The walls were simulated using the similar cyclic loading discussed in Sect. 4.2. The
minimum stress distribution for the composite walls and the individual stress distribution
for both the walls and wire meshes are shown in Fig. 18. The first column is for the com-
posite wall. The second column is shown for the wall alone, and the last column is for
wire mesh alone for better understanding. It can be observed that the composite walls are
carrying more stress if it is compared with the walls in Fig. 12. However, the wire meshes
are carrying more stress, and less stress is transferring to the URM walls. Figure 20 pre-
sents the load—displacement diagram of the strengthened walls. Such hysteresis load—dis-
placement plots containing four different cases of openings, namely, the URM wall without
opening, the wall with 25% opening, the wall with 50% opening, and the wall with 75%
opening, are presented for the strengthened wall with wire meshes and PP bands. In each
case, the strength improvement of the strengthened URM walls strengthened with wire
meshes is almost 2.0-3.21 times that of the nonstrengthened URM walls. The ductility
capacity is also significantly improved in the same order. The details of the increase in
percentages are shown in Table 3. It is evident from the results that the strengthening meas-
ures for the walls with more than 50% of the opening are not that much effective. So, it is
better to keep the percentage of opening under 50% for the URM buildings.

4.4.2 Improvement in performance of the URM walls strengthened with PP bands

The second strengthening technique to be examined is the application of the PP bands. The
PP bands are also effective in improving the performance of the URM walls, as recom-
mended (Nayak et al. 2018; Heydariha et al. 2019). The width of the PP bands is 10 mm,
and the spacing between them is 75 mm in both directions. In practice, the PP bands are
used as a binder strip around the wall. Therefore, in the model, a uniform grid of 75 mm
distances is modelled to paste on the URM wall. The details of the reinforcement geometry
are shown in Fig. 17b.
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Fig. 18 Min principal stresses for the URM walls strengthened with wire meshes under static cyclic load-
ing, a wall with no opening, b wall with 25% opening, ¢ wall with 50% opening, d wall with 75% opening

Table 3 Increase in lateral strength of the URM walls strengthened with wire mesh

Strengthening measures type Strength increase in percentage (%)

0% opening 25% opening 50% opening 75% opening

Wire meshes 321% 300% 235% 200%
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631

The strengthened URM walls were studied using the similar cyclic loading discussed
in Sect. 4.2. The minimum stress distribution for the strengthened URM walls by PP
bands is shown in Fig. 19, as done for wire meshes. The first column is for the com-
posite wall. The second column is shown for the PP bands alone, and the last column
is for the URM wall alone, as done for wire meshes. Here also, PP bands carry more
stress, and fewer stresses are transferred to the URM walls making the wall more resist-
ant. As shown in Fig. 20, the strength improvement for the strengthened masonry walls
with PP bands is almost 1.5-1.81 times compared to the nonstrengthened URM walls in
each case. But the improvements in the ductility capacity are not that significant. The
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Fig. 19 Min principal stresses for the URM walls strengthened with PP bands under static cyclic loading, a
wall with no opening, b wall with 25% opening, ¢ wall with 50% opening, d wall with 75% opening
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Fig.20 Load—displacement curve for the URM walls without strengthening and strengthened with wire
meshes and PP bands under in-plane cyclic loading a wall with no opening, b wall with 25% opening, ¢
wall with 50% opening, d wall with 75% opening

Table 4 Increase in lateral strength of the URM walls strengthened with PP band

Strengthening measures type Strength increase in percentage (%)
0% opening 25% opening 50% opening 75% opening
PP bands 181% 175% 157% 150%

detailed increase in percentages is shown in Table 4. Here also, the PP band strengthen-
ing for the URM walls with more than 50% of the opening is not that much effective.

On the other hand, the yield displacement also increased about 2-3 times as compared to
the nonstrengthened walls with each type of opening for both PP bands and wire meshes. This
clearly shows that PP band and wire mesh strengthening methods effectively sustain more
lateral loads. The ductility of these walls may be expected to increase as PP band and wire
meshes both are of ductile nature.
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5 Conclusions

The present study attempts to address a real-life problem regarding the effect of differ-
ent opening percentages and locations on the seismic performance of the URM walls. The
effects of strengthening measures by PP bands and wire meshes are also studied on the
same wall. This study considers an appropriate simplified FE model for studying the URM
wall behaviour under in-plane lateral loading. The proposed models include surface-based
cohesive behaviour to capture the elastic and plastic behaviour and a Drucker Prager (D-P)
plasticity model to analyze the masonry crushing under compressive stresses. The follow-
ing broad conclusions can be summarized from the present study.

(a) The effect of opening percentages is a critical factor in the performance of URM
structures during severe earthquake events. For this, a simplified FE numerical model
has been used to accurately quantify the effect of the opening percentages, which is
very difficult with the experimental approach. The quasi-static response of URM walls
can be successfully simulated using a simplified micro-model of the URM walls. This
modelling approach can accurately capture the nature of failure patterns up to and
including wall collapse. This method has been very recently used in a few earlier stud-
ies (Abdulla et al. 2017; Debnath et al. 2023).

(b) The in-plane concentrated, and cyclic loadings on the URM walls with different open-
ing percentages are presented. Here, a drastic reduction has been noticed in the load-
carrying capacity with the increase in opening percentages. For walls with a central
opening, when the opening percentage is less than 25%, the wall can retain more than
80% of the capacity exhibited by the wall with no opening. When the opening percent-
age of the wall exceeds more than 50%, only about 20% of the residual wall capacity
remains.

(c) The position of the opening is also significant for the analysis of the URM structures.
The opening position at the lower corner is the most vulnerable one, whereas the open-
ing position at the top corner is proved to be less vulnerable. It can be predicted that
the variations in the number and shape of the openings also may influence the failure
mechanism in URM, drastically reducing wall strength which is already discussed in
detail in the results. So, it is advised to use URM walls accounting for the residual
capacity of walls containing openings. The present study can be used as a broad guiding
literature for choosing the adequate extent and location of openings.

(d) Regarding the strengthening concern, using PP band in the criss-cross pattern can
improve the lateral load-carrying capacity in the range of 1.5 to 1.81. Further, the wire
mesh tied on two sides of the walls also exhibits considerable improvements in the
lateral load-carrying capacity, which is in the range of 2.0-3.21 times that of the refer-
ence URM wall without strengthening. The yield displacements also increased due to
the strengthening of URM walls. This may reduce the effect of opening and can resist
severe earthquakes due to its increased ductility.

The prime contribution of this study lies in exploring the different aspects of the effect
of openings in URM walls with the help of adequate numerical modelling. The cases pre-
sented in the paper can not only give an idea about the change in behaviour due to openings
for quite a few practically used specific cases but also provide a set of qualitative guide-
lines about the same. In this context, it is worth mentioning that because of the presence
of the openings, the stress concentrations are noticed at the corner of the openings, which
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may cause the propagation of cracks. However, the study not only restrict itself only to
the behavioural part. Along with that, the effect of the various strengthening measures is
also provided in detail, and there it has been noticed that these strengthening measures can
diminish the effect of reduction in load-carrying capacity due to openings. Further, crack
propagation from the corner of the openings reduces due to the use of retrofitting as it
attributes tension carrying capacity.
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