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Abstract

Unreinforced Masonry (URM) structures are extremely vulnerable to seismic activities. Under seismic loads, the failure
of these structures is either due to in-plane failure or an out-of-plane failure mechanism. Different seismic retrofitting and
strengthening strategies for masonry structures have been developed and implemented in recent decades. The performance of
existing URM structures can be greatly improved by retrofitting. This paper uses steel strips with anchor bolt arrangement as
reinforcing material for retrofitting purposes. A comparative study of change in lateral load carrying capacity of unreinforced
and reinforced masonry wall panels under in-plane lateral load based on numerical simulation is presented in this study.
Initially, a 3D numerical model of the URM wall panel is prepared in ABAQUS FEM using Simplified Micro Modelling
(SMM) technique. The Concrete Damage Plasticity (CDP) model is used as a material model and the surface-based coupled
cohesion-friction model as the interface material. The response of the URM wall panel under displacement-controlled
monotonic lateral load is evaluated and validated against experimental results. Another separate numerical model of
reinforced masonry is prepared with identical mechanical properties. A comprehensive study is conducted on the change in
the performance of both wall panels. The study found that the ultimate load-carrying capacity of reinforced masonry wall
panels is increased by 22% compared to the unreinforced masonry wall panel.
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1. Introduction such historic URM structures is a serious problem for struc-
ture engineers today. The design, building methods, and
original materials employed in such historic masonry struc-
tures make them extremely vulnerable in the present. Sim-
ilarly, for new construction, it has always been difficult to
identify and characterize the structural performance of ma-
sonry due to its heterogeneous complicated characteristics
and strong nonlinear response of components which make
it a vulnerable structure. As a result, it is frequently neces-
sary for URM structures to be reinforced during new con-
struction while existing plane masonry must be retrofitted
. . . to lessen the likelihood of failure. When subjected to seis-
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Masonry is one of the most commonly used non-
homogenous construction materials, which has been used
for thousands of years. Although masonry is an ancient
and out dated construction material, it is widely used and
favored in some countries. The most prevalent kind of
URM is Masonry Heritage Structures, which offer value
settings such as aesthetic, social, archaeological, cultural,
economic, and technological, making them a true treasury
of human civilization. The preservation and conservation of
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from existing gravity loads, take place leading to the possi-
ble collapse of structures. Due to these reasons, the URM
structures may be required to be strengthened or retrofitted
to ensure effective performance under seismic tremors. Dif-
ferent technical approaches have been developed and im-
plemented to strengthen the seismic performance of URM
structures. Many strengthening or retrofitting methods,
however, have only been investigated for individual cases,
making it impossible to extrapolate the findings to situ-
ations involving other construction materials or systems.
The analytical techniques are not reliable enough to deter-
mine the seismic performance of retrofitted masonry struc-
tures as the retrofitting method may work differently in ma-
sonry structures made of different materials. The majority
of earlier research was experimental only. In the experi-
mental approach, the long-term behavior between masonry-
strengthening interfaces is not known clearly , which makes
it unpopular. However, numerical simulation can be a pow-
erful tool in such studies and can be used to analyze the
seismic performance of retrofitted masonry regarding the
efficiency of retrofitting. Although many retrofitting and
strengthening tests have been conducted over the past few
decades, only a small portion of them have been numer-
ically modeled Wang et al., There seems to be a
lack of research work exploring the change in ultimate shear
strength of masonry walls reinforced using steel battens on
the surface under monotonic in-plane loading conditions. In
this paper, analytical modeling of an unreinforced and rein-
forced masonry wall with the same mechanical character-
istics is carried out separately using the SMM approach in
ABAQUS software to study the changes in ultimate shear
strength. Steel battens and anchor rods are used on both
sides of walls for reinforcing purposes.

2. Finite Element Modeling

The 3D model of a masonry wall is prepared using
an SSM approach. The masonry units are modeled as a
continuum element by expanding up to half of the mortar
thickness in the horizontal and vertical direction to over-
come wall size while the mortar joints are modeled as zero
thickness interface discontinuous element in ABAQUS.
The proposed model simulates the 3D behavior of ma-
sonry assemblage representing the crushing of masonry
units under compression and initiation of cracks and its
propagation along masonry joints without defining an ini-
tial crack location. The simulation is performed under a
quasi-static monotonic in-plane loading process using an
ABAQUS/explicit solver. The explicit dynamic solver em-
ploys a central difference integration scheme that operates
without iteration, which is an essential trait of the implicit
solver. Unlike considering iteration to secure desired con-
vergence tolerance in implicit procedures, ABAQUS/ ex-
plicit performs analysis without considering equilibrium

conditions using a large number of small-time increments.
The progression of analysis in the time domain is performed
by using many small increments guided by a numerical sta-
bility criterion Aref and Dolatshahi,

2.1. Modelling of Masonry Units

The expanded masonry units are modeled using solid
3D continuum elements C3D8R with reduced integration.
The reduced integration for the element is based on a single
point uniform strain formulation where the strains are ob-
tained as average strain over the element volume. The ele-
ment with reduced integration possesses a problem of hour-
glassing or zero energy deformation mode. Hour-glassing
is a condition when there is deformation in the element
but there is no strain and is prevented by adopting an en-
hanced hour-glassing control scheme in ABAQUS/explicit.
The expanded masonry units are modified to have an equiv-
alent elastic response to the original masonry assemblage,
as Kurdo et al., suggested. The CDP model, gener-
ally used to simulate the nonlinear behavior of reinforced
or plain concrete and other brittle materials is used to repre-
sent the material non-linearity of masonry units. The CDP
model can simulate the initiation and progression of ma-
terial damage, such as cracking and crushing, shear fail-
ure, and post-peak softening with different material prop-
erties in both tension and compression which are crucial
for accurately capturing the behavior of masonry structures.
Our study relies on two principal failure modes, crack-
ing in tension and crushing in compression. It uses con-
cepts of isotropic damaged elasticity in combination with
isotropic tensile and non-associated multi-hardening com-
pressive plasticity to represent the inelastic behavior and ir-
reversible damage of elements that occur during the fractur-
ing process. The stiffness degradation in the softening zone
for both tension and compression is represented by the dam-
age variable and is based on the energy equivalence princi-
ple as suggested by Lubliner et al., . For yield surface
in the CDP model, the yield functions based upon failure
criteria initially proposed by Lubliner et al., and mod-
ified by Lee and Fenves, are used to describe plastic-
ity under tension and compression in FE models. Different
CDP parameters defined as dilation angle (), flow poten-
tial eccentricity (e), ratio of biaxial /uniaxial compressive
strength (0p0/0¢0), Tatio of second stress invariant (K.),
weight factor in tension (w;) and weight factor in compres-
sion (w,) used in ABAQUS for proposed 3D finite element
simplified micro model is shown in Table 1.

Table 1: CDP parameters with default value in ABAQUS to
determine yield surface (Qingfu et al., )

Parameter ¢ € o0po/0c0 K. wr we
Values 30 0.1 1.16 067 O 1
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The compressive and tensile stress-strain relationship
for the masonry block and mortar joint is obtained from
relations as suggested by Zhang et al., ) represented
by Equation | and Equation 2.

h

1+ (h-1)

The compressive stress (o.,) of masonry units depends
upon corresponding compressive strain (e.), the ratio of
compressive strain to peak compression strain given by x.=

€¢/Ecu, the elastic modulus of masonry unit () and com-
pressive factor (h) whose value is 1.633.

Ocu =

7ty P ()

o — zi By, <1 @)
tu —
@, Bust, o> 1

Likewise, the tensile stress (o,,) of masonry unit is depen-
dent on elastic modulus (£, ), compressive factor (h) taken
as 1.633, corresponding tensile strain (¢;) and the ratio of
tensile strain to peak tensile strain given by x;=&;/c4.
Under the action of compressive and tensile stresses, the
masonry units undergo stiffness degradation known as the
damage variable. The damage variable (d) for compression
or tension depends on compressive or tensile stress (o), cor-
responding compressive or tensile strain (¢), and initial elas-
tic modulus (E,) represented by Equation 3.

az:1_,/Ef’6 3)

The value of the damage variable ranges between 0 and 1
considering the damage occurs only in softening.

The elastic response of the joint interface for linear elastic
stage is represented by the equivalent stiffness proposed by
Lourencgo, . The normal stiffness is dependent on the
modulus of elasticity of both masonry units (F,,) and mortar
(E,,) and the thickness of mortar (h,,) as given by Equation
4.

EyEm
Likewise, the shear stiffness is dependent on the modulus

of rigidity of masonry units (G,,) and mortar (G,,) and the
thickness of mortar as given by Equation 5.

GuGm

Knn = (4)

Kss & Ktt = (5)
The nominal tensile traction vector (o) in relation with the
elastic stiffness matrix (/) and separation vector (A) is
given by Equation 6.

on K., 0 0 A,
o=4 Ts = 0 Kss O Ag = KA
Tt 0 0 Ktt At

The plastic response of the joint interface is represented by
damage initiation and damage evolution based on tractions
between the interface which is dependent on fracture energy
and frictional coefficient. For mixed mode failure mode,
quadratic stress criteria is used to represent the initiation
of degradation of a cohesive layer at the damage initiation
point. The quadratic stress criteria are dependent on the
tensile strength of mortar (0,'%), shear strength of mortar
(r"** & 7/7**) in s and t direction and is represented by
Equation 7. The Macaulay bracket in Equation 7 indicates
the exclusion of compressive stress on fracture behavior of
interface in the normal direction and shear strength of mor-
tar is calculated using Mohr-Coulomb failure criteria.

<0_n> 2 s 2 4 2
gmax + smax + max =1 (7)
n s t

After damage initiation, the loss of strength and failure of
joints take place due to degradation of stiffness of the in-
terface resulting from the propagation of cracks under dam-
age evolution law represented by fracture energy with linear
softening. The damage evolution law as addressed by Ben-
zeggagh and Kenane, and represented by Equation 8 is
dependent on critical fracture energy rate for mixed (G, ),
pure normal (G, r), pure shear (G5y) mode and a dimen-
sionless parameter (m) take as 2 for quasi-brittle material
(Kurdo et al., ).

G, m
Gmf = Gy + (Gsp — Gny) (an +stf> (®)

The tensile and shear fracture energy rate is calculated
based on the study by Lotfi and Shing, and Yuen et

al., represented by Equation 9 to Equation 11.
2
On
G min — 9
a 2K ©
an = 5Gf min (10)
Gst = 10Gy¢ an

2.2. Modelling of interface material

Contact elements are used to simulate the interfaces be-
tween masonry units using an interface cohesive model
combining damage (or de-bonding) and friction. The co-
hesion model is coupled together with the friction model
in order to have continuous transition from development
of cracks followed by propagation along masonry joints to
pure frictional stage after de-cohesion.

2.2.1 Surface-based cohesion behavior

The cohesive interaction is a function of displacement sep-
aration between edges of potential cracks. Surface-based

JScE, Vol.11, 2024

Kasula et al. - 15



cohesive behavior based on traction separation constitu-
tive model along the bed and head joints is used to model
linear and fracture behavior of zero thickness cohesive or
bonded joints. The traction separation law is governed by
three stages namely; linear-elastic traction separation stage,
damage-initiation stage, and damage-evolution stage which
allow mixed mode fracture and damage of cohesive surface
in ABAQUS. Before the damage, this model assumes linear
elastic behavior at the joint interface followed by propaga-
tion of damage represented by mixed tensile-shear fracture
until the final fracture occurs under continuous loading.

2.2.2 Surface-based friction behavior

After the complete depletion of the cohesive surface be-
tween masonry units, the response of the interface joint is
simulated using surface-based friction behavior based on
normal and tangential behavior. The normal behavior al-
lows adjacent masonry units to remain intact under com-
pressive load until normal stress at the interface becomes
zero and the formation of separation and cracking of units
are initiated due to failure in tension. Hard contact behavior
between adjacent masonry units is used which prevents pen-
etration of masonry units over each other for normal behav-
ior. The tangential behavior represents shear behavior be-
tween masonry units defined by a suitable frictional coeffi-
cient whose yielding criteria are based on the Coulomb fric-
tion model. Infinite elastic slip stiffness is adopted for this
model. The slipping between adjacent surfaces is a function
of shear stress. However, shear stress causing finite sliding
is not considered. When the equivalent stress exceeds the
critical friction stress defined by the friction model, the ad-
jacent surfaces slide infinitely maintaining constant stress
depending on the normal stress value.

2.3. Modelling of reinforcing materials

A Classical metal plasticity model with isotropic hard-
ening behavior using standard Mises’s yield surface is se-
lected to represent the stress-strain relationship for steel an-
chor and steel battens used for reinforcing purposes consid-
ering linearly elastic-linearly plastic and identical in both
tension and compression. The elastic modulus in the hard-
ening zone is taken 1% of the initial elastic modulus. How-
ever, the steel beam used at the top of the masonry wall is
modeled as a linearly elastic material

3. Model validation
3.1. Description of subject model

The experiment originally tested by Raijmakers and Ver-
meltfoort, 1992 and described by Lourengo, 1996 in his
doctoral research is used for numerical simulation under
monotonic loading using ABAQUS explicit solver. The
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Figure 1: Experimental setup for TU Eindhoven shear wall

numerical model is TU Eindhovenn unreinforced masonry
pier of 100 mm thickness with a width/height ratio of
about unity (990mm x 1106mm), consisting of a total of
18 courses of solid clay bricks (full brick dimension 210 x
52 x 100 mm and half brick dimension 115 x 52 x 100 mm)
and 10 mm thick mortar (1:2:9, cement : lime : sand by vol-
ume) as shown in Figure 1. In the simulation, the vertical
movement of the top beam is restrained after applying im-
posed vertical compressive stress of 0.3 MPa and increasing
monotonic load is horizontally applied to the wall via top
beam under displacement control in a confined way.

3.2. Preparation of numerical model

Using the SMM technique explained in section 2, a nu-
merical model of an unreinforced masonry wall of dimen-

Figure 2: Numerical model of an unreinforced masonry
wall in ABAQUS
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Figure 3: Constitutive model for masonry units in compression
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Figure 4: Constitutive model for masonry units in tension

sion (990 x 1106x 100) mm is prepared in ABAQUS. De-
pending upon position of brick units, six different sizes of
masonry units (four different full brick size: 220 x 57 x 100,
220 x 62 x 100, 215 x 57 x 100, and 215 x 62 x 100, and
two different half brick size: (115 x 57 x 100 and 115 x
62 x 100) mm, obtained by expanding brick units in single
or both directions along vertical and horizontal direction to
include thickness of mortar, are used to simulate the numer-
ical model. The masonry units expanded vertically in only
one direction are used in the top and bottom layers in the
numerical model. Three different reference points namely
Bottom CP, Top CP, and Lateral CP are created for coupling
purposes through which the boundary conditions and loads
are assigned during the simulation process. A single steel

beam of dimension (990 x 50 x 100) mm is provided at the
top of the wall to apply vertical load through the top CP
and horizontal displacement is provided in the top layer of
a brick through the lateral CP point of the subject model as
shown in Figure 2.

The elastic properties and non-linear material properties
of constitutive materials and joint interface used for the sim-
ulation of the numerical model of masonry wall are based
on the previous research work conducted by Lourengo,

and Kurdo et al., . The mechanical properties
of masonry units and steel beam is shown in Table 2.

Based on the theory of CDP model, the stress-strain and
damage-inelastic strain relationship for masonry in com-
pression and tension are shown in Figure 3 and Figure 4
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Table 2: Material properties of masonry units and steel beam

S.No. | Component Parameters Value Source
1 Density (p), Kg/m? 2000 | Kurdo et al.,
2 Masonry Units Elastic modulus (E), Mpa 167000 | Kurdo et al.,
3 Poisson’s ratio (v) 0.15 Kurdo et al.,
4 Compressive strength (F.), Mpa 10.5 Kurdo et al.,
5 Tensile strength (F}), Mpa 2.0 Kurdo et al.,
6 Density (p,), Kg/m? 7800 | Kurdo et al.,
7 Steel Beam Elastic moydu[fus (Egs), Mpa | 200000 | Kurdo et al.,
8 Poisson’s ratio (v) 0.25 Kurdo et al.,

Table 3: Properties of joint interface
S. No. Parameters Value Source
1 Cohesion (c), Mpa 0.35 | Kurdo et al.,
2 Frictional coefficient (u) 0.75 | Kurdo et al.,
3 Tensile strength (o)), Mpa 0.25 | Kurdo et al.,
4 Shear strength (o) 0.25 | Kurdo et al.,
5 Normal tensile stiffness (K,,,,) | 81.8 Equation 4
6 Shear stiffness (Kg) 36.4 Equation 5
7 Tensile fracture energy (G, ) 1.91 Equation 10
8 Shear fracture energy (G y) 19.1 Equation 11

respectively. The stress-strain relationship for compression
is linear up to the ultimate strain of 0.003. Beyond this,
the response in the plastic zone is characterized by stress
hardening up to peak stress . corresponding to peak strain
0.005, followed by stress-strain softening beyond this peak
stress. For uniaxial tension, the stress-strain relationship is
linear up to peak stress o, followed by stress-strain soften-
ing. The stress-strain softening refers to the propagation of
micro-cracks.

Figure 5: Generated mesh of individual constituents

The properties of the joint interface used between masonry
units for numerical simulation are summarized in Table 3.
For simulation, the base of the numerical model is initially
restrained through the bottom CP about all axes followed by
the application of a vertical load of 29.7 KN (corresponding
to 0.3 MPa) through the top CP. After the application of
vertical load, the vertical and out-of-plane horizontal move-
ment of the top beam is restrained and an incremental in-
plane horizontal displacement of 4 mm is applied on the
model through the top layer of brick allowing the masonry

assemblage to move only in the direction of force applied.
The vertical load is applied constantly throughout the simu-
lation period. A linear 8-noded explicit material C3DS8R is
adopted with reduced integration and enhanced glass hour
control for each masonry unit with a seed size of 30 mm
for meshing purposes. Similarly, a seed size of 25 mm with
the same element topology is adopted for the steel beam as
shown in Figure 5. The mesh size was chosen based on a
mesh sensitivity study performed by Kurdo et al.,

3.3. Verification of model

3.3.1 Comparison of pushover curve
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Figure 6: Comparison of pushover curve for validation
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For validation of the numerical model, the pushover curve
obtained from numerical simulation is compared with ex-
perimental results given by Kurdo et al., 2017. Figure 6
shows a good arrangement with experimental results up to
the ultimate load capacity. The coefficient of regression (R
square) is found to be 93.30% with a standard deviation of
12.625. The peak strength of masonry assemblage is found
to be 51.14 kN which is 1.7% less than that of the exper-
imental result corresponding to 52 kN. The nature of the
degradation of lateral stiffness of the numerical model af-
ter the peak point is slightly different from experimental re-
sults.

3.3.2 Comparison of damage pattern

Initial Vertical Stress = 0.3 MPa

(a) (b)

Figure 7: Comparison of damage pattern of an unreinforced
masonry wall: (a) experimental failure patterns (b) Failure
pattern in numerical model represented by PEEQT at total
step time of 0.25 sec (scale factor = 20)

The cracking of masonry units is represented by the dis-
tribution of tensile equivalent plastic strain (PEEQT) in
ABAQUS and the cracking in masonry units initiates at a
point where PEEQT is greater than zero. Under the action
of lateral load, the tensile cracks are developed at the top
and bottom of the wall initially followed by continuously
increasing tensile cracks at the top and bottom of the wall
without evolution of PEEQT until the critical cracking point
is reached. The value of PEEQT increases with an increase
in lateral loading representing increasing in the cracking of
masonry units. A diagonal steeped crack between masonry
units is observed followed by the crushing of masonry units
under compression at the top and bottom toes as represented
in Figure 7 which resembles experimental results as defined
by Kurdo et al., 2017. The crushing of masonry units is rep-
resented by the distribution of compressive damage variable
(DAMAGEC). The masonry units are crushed when the uni-
axial strain corresponding to DAMAGEC reaches the crush-
ing strain of masonry units. Figure 8 represents the distri-
bution of DAMAGEC on the masonry wall along with di-

agonal steeped cracking and tensile cracking at the top and
bottom of the wall.

DAMAGED
[fwg: 75%)

+3. 758602
+3 44402
+3. 13102
+2.518e-02
+2.5058-02
+2.192e-02

+18750-02

+3.131e-03
+0.000+00

Figure 8: Evolution of cracks pattern represented by DAM-
AGEC at 4mm horizontal displacement at top (scale factor
=20)

3.3.3 Comparison of stress transfer mechanism

The evolution of the stress transfer pattern in the ma-
sonry wall is represented by minimum principal compres-
sive stress (S, Min. Principal). For the initial stage of load-
ing, the lateral load is transferred through the diagonal of
the masonry wall resulting in the formation of a diagonal
strut as represented in Figure 9. The formation of a diago-
nal strut resembles the actual behavior of the typical unre-
inforced masonry wall.

S, Min. Principal

(Avg: 79%)
+3.780e+05
-1.313e+06
-3.003e+06
-4.694e+06
-6.385e+06
-8.075e+06
-9.766e+06
-1.146e+07
-1.315e+07
-1.484e+07
-1.653e+07
-1.822e+07
-1.991e+07

Figure 9: Formation of diagonal strut represented by distri-
bution of minimum principal stress distribution with crack
patterns at 4 mm horizontal displacement at top (scale fac-
tor = 20)
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Table 4: Material properties for steel strips and anchor bolts

Parameters Steel strip | Anchor bolts (Grade 8.8)
Density (p,), Kg/m? 7800 7800
Poisson’s ratio (v;) 0.3 0.3
Elastic modulus (F), MPa 200000 200000
Yield strength (o), MPa 250 648
Tensile strength (os), MPa 797 797
Elastic modulus in hardening zone (E},), MPa 2000 2000
450 - R 800 -
400 3 : 700 3
350 600
= 300 ] =
[am 1 g 500 Ff--mm e
E 2 3 2
P : =400 H --m s
§ ’ ] § 300 _ _____________________________________
@ 150 é __________ e e on
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0 E‘v—l—l—l—I—l—l—r—l—|—v—|—l—v—r—l—|—|—v—|—lﬁ—l—l—'—v—l—lﬁ—rl—l—v—l—lﬁ—v—l—l—\ 0 s TTTTTTrTTT TTTTTTTorTT TTTTrrrror 1
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Strain Strain

(a) Stress-strain distribution for steel strip

(b) Stress-strain distribution for anchor bolt

Figure 10: Stress-Strain relationship for steel strip and anchor bolts

4. Finite element analysis of reinforced ma-
sonry wall panel

After the validation of the numerical model, the same
wall panel without any changes in geometry, mechanical
properties, boundary, and loading conditions is reinforced.
The finite element model of the reinforced masonry wall
panel is prepared to study the changes in the behavior of the
wall. A stainless strip of dimension (1200 x 50 x 3) mm
is provided diagonally on both sides of the masonry wall
where tensile stress is developed under lateral loading, me-
chanically attached by 3 nut-bolt arrangement of nominal
diameter 12 mm at 400 mm c/c through drilling holes on
masonry units. The separation of bolts is based on the basic
assumption of buckling behavior when provided at higher
spacing other than (300 to 400) mm (Borri et al., ).

The mechanical properties of masonry units and steel
beams are similar to those in unreinforced masonry walls.
The classical plasticity model with isotropic hardening be-
havior is used for steel strips and bolts. Table 4 summarizes
the mechanical properties of steel strips and anchor bolts
representing linear and non-linear behavior. The stress-
strain distribution for steel strips and anchor bolts is shown

Figure 11: Numerical model of a reinforced masonry wall
panel in ABAQUS
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in Figure 10. The interface model used to define the re-
sponse of joint material between masonry units in unrein-
forced masonry walls is again used here to redefine the lin-
ear and non-linear response of joint interface in reinforced
masonry wall panels. The tie-type coupling is used be-
tween the lateral circumferential surface of the anchor rod
and each core of the borehole drilled in masonry units to
represent the embedded nature of the anchor bolt in the ma-
sonry wall. The tangential and normal behavior are only
used to define the interaction between steel surfaces. No
consideration is made for interaction between the steel sur-
face and masonry surface in a lateral direction. It is assumed
that the steel strips carry stresses or loads through anchor
bolts only, not from the lateral surface of the masonry wall.
The normal behavior is assigned as ‘hard contact’ using de-
fault constraint enforcement with separation allowed after
contact. Tangential behavior is assigned using penalty fric-
tion formulation with a friction coefficient of 0.1. Figure 11
represents a numerical model of reinforced masonry wall
panels with a simple arrangement of steel strips and anchor
bolts.

The loading and boundary conditions are kept similar to un-
reinforced masonry wall panels. The vertical compression
load of 0.3 MPa is applied to the reinforced masonry panel
through the upper coupled reference point in the first step.
In the second step, after the completion of vertical loading,
the in-plane monotonic load in terms of lateral displacement
is applied through the top layer of the wall panel maintain-
ing constant vertical compression stress provided that the
vertical and out-of-plane horizontal displacement as well as
rotation about all axes are restrained.

Every masonry unit is independently meshed with a seed
size of 25 mm to maintain a uniform distribution of mesh-
ing so that the meshing of masonry units with drilled holes
does not cause problems in transferring stress and force. A
special sweep technique with medial axis mesh transition is

Figure 12: Different meshed units used in numerical model-
ing of reinforced masonry wall panel: (a) meshed masonry
units with boreholes (b) meshed steel strip and anchor bolt

used around the region of circular holes for effective trans-
fer of force and stress as concentration is high in these re-
gions of holes. A similar provision is provided for the mesh-
ing of steel strips and the bolts used for reinforcing purposes
as shown in Figure 12.

Figure 13: Damage pattern of reinforced masonry wall
panel with all units intact (Scale factor = 20)

The numerical model of the reinforced masonry wall
panel is simulated under vertical stress of 0.3 MPa and
displacement-controlled horizontal loading of 4 mm. Fig-
ure 13 represents the damaged pattern of the reinforced ma-
sonry wall panel. The response of the reinforced masonry
wall is represented by Figure 14. The ultimate load-carrying
capacity is found to be 62.324 kN corresponding to 2.6 mm
displacement.

& &8 8 8 3

=N
o o

Horizontal load (kN)

o

0 1 2 3 4
Horizontal displacement (mm)

Figure 14: Force-displacement curve for reinforced ma-
sonry wall panel
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5. Result and Discussion

Figure 15 represents the change in shear strength of re-
inforced and unreinforced masonry wall panels. The peak
strength of a masonry wall reinforced with steel strips on
both sides of the wall is about 22% higher compared to that
of an unreinforced masonry wall. The secant stiffness of the
reinforced masonry wall panel at peak strength decreased
by about 7% and the ductility factor at ultimate load de-
creased by about 21% compared to that of the unreinforced
masonry wall panel. This reduction of secant stiffness and
ductility factor is due to the higher yield displacement of
reinforced masonry wall panels due to the use of steel strips
as reinforcing materials. The distribution of the maximum
value of PEEQT at the peak point decreased by about 70%
resulting in less cracking of masonry units and less diago-
nal steeped cracks. Similarly, the maximum value of DAM-
AGEC at ultimate load decreased by 4% which represents
significant prevention of toe crushing or compressive crush-
ing of masonry units in the reinforced masonry wall panel
compared to that of the unreinforced masonry wall panel.

70
60
g 50 S P
i P ~-o_
§ 40 7 ~< S \
= rd \
= 30 /
.§ ) ,’ F(Reinforced)
E 20 / = = = F(Unreinforced)
10 +/

Horizontal displacement (mm)

Figure 15: Comparison of non-linear behavior of unrein-
forced and reinforced masonry wall panel

6. Conclusion and Recommendations

In this research work, the real behavior of the URM
wall panel under monotonic lateral loading is accurately
simulated using the numerical simulation method. The
adequacy of the finite element technique was accessed by
validating the response of the URM wall panel against
experimental results particularly based on the failure mech-
anism, damage pattern, and stress transfer mechanism. The
study shows that the lateral load-carrying capacity of rein-
forced masonry wall panels under displacement-controlled
monotonic lateral loading increased by about 22% using
steel strips and anchor bolt arrangement as a reinforcing
method. Future research work can include the study of the
effect of different aspect ratios for analysis of load carrying

capacity of masonry wall panels. In this study, an aspect
ratio of unity is used for which the diagonal mode of failure
is predominant. Similarly, the behavior of walls under
different values of pre-compression stress can be studied in
the future. Only in-plane monotonic loading is considered
in this study. The behavior of masonry walls under cycling
loading and the out-of-plane behavior of masonry can be
considered in future studies.
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