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ABSTRACT Earthquake disasters are among the most significant causes of structural failure, often resulting in buildings either collapsing entirely or
sustaining partial damage that renders them unusable. The construction of unreinforced brick walls has been a traditional practice in Indonesia since
ancient times. In this present study, a simplified representation of earthquake loading is achieved by applying a lateral static load to the brick walls.
The research investigates the influence of concrete frame strength on brick walls, using specimens made of good-quality concrete (wall configuration 1)
and poor-quality concrete (wall configuration 2). Three-dimensional finite element analysis was conducted using MSC Marc/Mentat software to validate
the numerical findings against experimental results. In the finite element model, the concrete frame is represented by 3D solid elements, while the
reinforcing steel is modeled using 3D truss elements. The stress-strain relationship is defined as multilinear for concrete and bilinear for reinforcing
steel. The modified Kent-Parker model is employed to characterize the multilinear stress-strain behavior of brick wall macro-elements. Additionally,
linear Mohr-Coulomb plasticity and isotropic hardening flow plasticity are used to simulate the mechanical behavior of concrete and brick walls. Contact
interactions between the concrete frame and walls are also incorporated into the analysis. The loading is applied in-plane using force-controlled
conditions. The results of the analysis reveal that the deformation patterns of brick walls differ significantly between wall configuration 1 and wall
configuration 2. These differences arise due to variations in the concrete strength of the frames, which influence the walls’ deformation characteristics.
Finite element analysis further indicates that the initial stiffness of the brick walls aligns well with experimental findings, with nonlinearity observed
only in wall configuration 2. The total strain contour analysis shows that failure in wall configuration 1 occurs along a diagonal plane, while in wall
configuration 2, the failure path is diagonal but exhibits an upward curvature.
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1 INTRODUCTION

In Indonesia, earthquakes are a common natural dis-
aster that often cause infrastructure to experience to-
tal collapse or partial damage, rendering it unusable.
Generally, brick walls are widely used in houses, but
they can be also employed in various types of build-
ings, such as industrial structures, religious facilities,
and shopping malls (Abdessemed-Foufa, 2017; Bhatti
et al., 2017; Johansson et al., 2019). These buildings
likely utilize brick walls due to the material’s inher-
ent advantages. Some benefits of brick wall construc-
tion include weather resistance, fire protection, and in-
sulation against heat and sound (Hendry and Khalaf,
2017). Masonry construction, particularly confined or
unreinforced masonry, is extensively used for residen-
tial buildings in Indonesia. In Banda Aceh, Sumatra,
many buildings incorporate brick masonry as fillers for
walls damaged by earthquakes (Brzev and Mitra, 2007).

Apart from conducting experiments, numerical analy-
sis serves as an effective tool for studying the behav-
ior of masonry walls under lateral and/or gravity loads.
The finite element method (FEM) is a robust numerical

analysis technique widely employed to solve complex
engineering and physical problems described by partial
differential equations. In the finite element analysis of
masonry walls subjected to lateral and/or gravity loads,
brick walls are typically modeled using one of the fol-
lowing approaches: (i) the macro-modeling approach
(da Silva and Milani, 2022; Grzyb and Jasiriski, 2022;
Panto et al., 2019); (ii) the detailed micro-modeling
approach (Gaetano et al., 2022; Naciri et al., 2021);
and (iii) the simplified micro-modeling approach (Chen
et al., 2023; Greco et al., 2020).

The selection of the type of element is important to
accurately represent the brick wall structure, whether
confined or unconfined by a concrete frame. Some re-
searchers use plane stress elements (Weber et al., 2021;
Chaker et al., 2022; Noor-E-Khuda et al., 2016; Triwiy-
ono and Eratodi, 2019) and also use solid elements to
model brick walls (Plassiard et al., 2021; Muhit et al.,
2022; Ravichandran et al., 2021; Scacco et al., 2020).

A study on finite element analysis using the ADINA
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Figure 1 Experimental data verification of brick wall (Triwiyono and Eratodi, 2019)

Table 1. Wall configurations (Triwiyono et al., 2020)

Configuration Number Brick Concrete  Mortar
Wall configuration 1 Good (1:2:3:0.8) Good
Wall configuration 2 Good Good

(1:2:3:1.2)

Table 2. Mechanical properties of specimens (Triwiyono et al.,

2020)
No Testing Results
1 Steel Tensile Test, ¢10
1y (MPa) 386.37
fu (MPa) 550.32
E (MPa) 197,725
2 Steel Tensile Test, ¢8
f, (MPa) 405.56
f. (MPa) 506.86
E (MPa) 197,725
3 Brick Masonry (Good)
Compression Strength, f,, (MPa) 3.25
Tensile Strength (MPa) 0.21
Modulus of Elasticity (MPa) 2,400
4  Concrete Test (Good)
Compression Strength (MPa) 19.08
Modulus of Elasticity (MPa) 24,855.57
5  Concrete Test (Bad)
Compression Test (MPa) 15.48
Modulus of Elasticity (MPa) 24,855.57
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software for confined brick walls was conducted by Tri-
wiyono and Eratodi (Triwiyono and Eratodi, 2019). This
research utilized orthotropic elements to model the
brick wall components. The results of the finite ele-
ment analysis revealed a significant discrepancy in the
initial stiffness values when compared to experimen-
tal observations. In the present research, finite ele-
ment analysis using MSC Marc/Mentat software em-
ploys an isotropic material macro-modeling approach
to model brick wall elements. Macro-modeling simpli-
fies the analysis of brick masonry walls by representing
them as a single, uniform material, enabling the eval-
uation of overall structural behavior without detailing
each individual brick and mortar joint.

This study aims to evaluate the results of a newly de-
veloped finite element model by comparing them with
experimental results for masonry walls confined within
concrete frames. To verify the finite element results,
research from Triwiyono (Triwiyono and Eratodi, 2019;
Triwiyono et al., 2020) was used. In this study, three-
dimensional finite element modeling of brick masonry
walls with concrete frame constraints was conducted
by implementing the MSC Marc/Mentat software (Och-
sner and Ochsner, 2016). The parameters studied in
this finite element analysis include the influence of the
good-quality of clay bricks confined with both good-
and-poor-quality of concrete frames. The finite ele-
ment study uses a macro-element approach with con-
tact analysis between the brick masonry wall and the
concrete frame. The load applied to the brick wall
structure is a lateral static load.
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Figure 3 Meshing of the specimen

2 RESEARCH METHODOLOGY
2.1 Experimental Data for Verification

The experimental data by Triwiyono (Triwiyono and Er-
atodi, 2019) are used as validation for the finite element
analysis. The experiment involves the brick masonry
walls with dimensions of 3 x 3 m. This wall is confined
on every side by beams and columns. The dimensions
of the columns, ring beam, and sloof beam are 0.15 x
0.15m, 0.12 x 0.15 m, and 0.15 x 0.2 m, respectively.
The bricks were made from local clay with approximate
dimensions of 22 ¢m in length, 10 cm in width, and 5.5
cmin thickness. The dimensions, reinforcement details
of the reinforced concrete frame, brick wall, wall an-
chorage, and foundation anchorage are shown in Figure
1.

The results of this finite element analysis are vali-
dated against two experimental results from Triwiy-
ono and Eratodi (Triwiyono and Eratodi, 2019). The
configuration of these walls is presented in Table 1.
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Figure 5 Force vs. displacement results for the different element
sizes

These wall configurations represent brick walls with
good and poor-quality materials. The material prop-
erties for steel reinforcement, stirrup, brick masonry
and concrete, obtained from laboratory test, are given
in Table 2. The compressive strength of the concrete
was classified as either good or poor quality based on
the proportions of aggregate, sand, cement, and the
water-to-cement ratio. Specifically, the proportions
were 3:2:1:0.8 and 3:2:1:1.2, respectively (Triwiyono
and Eratodi, 2019). The quality of bricks was deter-
mined qualitatively based on the International Asso-
ciation for Earthquake Engineering (IAEE) guidelines
(Arya et al., 2014).

2.2 Finite Element Analysis

The three-dimensional finite element analysis has
been carried out with MSC Marc/Mentat 2012 soft-
ware for modeling brick masonry wall. Using MSC
Marc/Mentat for finite element analysis (FEA) offers
distinct advantages, especially for complex, nonlinear
problems (Marc, 2012a). The brick model is simpli-
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Figure 7 Force and displacement response-Configuration 2

fied using a macro-modeling approach in finite ele-
ment analysis to represent the structural behavior of
masonry walls.

2.2.1 Material model

The beam, column, and brick wall are represented by
solid elements. The Linear Mohr-Coulomb plasticity
model is used to simulate the brick masonry and con-
crete beams and columns under compression. Both the
tensile stress in concrete and brick walls is assumed to
be small to account for the fact that the tensile strength
of concrete is generally considered negligible. The
strain hardening follows the isotropic hardening rule
(Marc, 2012a). The material properties of concrete and
steel are adopted based on the findings of Triwiyono’s
study (Triwiyono et al., 2020). The remaining proper-
ties, including a specific gravity of 2,402.76 kgm™, a
modulus of elasticity of 24,855.57 MPa, and a Poisson’s
ratio of 0.2, were assumed.

The stirrup and longitudinal steel are represented us-

ing 3D truss elements. The steel model is bilinear. The
input parameters used for steel reinforcement material
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are specific gravity = 7,850 kgm™3, Modulus of Elastic-
ity = 19,7724.7 MPa, and Poisson’s ratio = 0.3. The von
Mises yield criteria is used to describe the plasticity of
the reinforcement. For strain hardening, the isotropic
hardening rule is applied (Marc, 2012b).

Brick masonry modeling for structural analysis encom-
passes a range of methodologies. Among these, one
approach involves modeling brick walls using macro-
element techniques. The “modified” Kent-Park model
adequately predicts the stress-strain relationship of
clay brick masonry (Ewing and Kowalsky, 2004). The
equation used is as follows:

for 0 < &,, < 0.0015 (parabolic rising curve)

2em, Em \2
fin = 1.067fum [0.002 - (0.002) } M

For descending curve until 0.2f,,

Jm = fm [1 = Zp (em — 0.0015)] (2)
where
Im = 3+().29f(:.5 0.002 ©)
[m} -0

fm and g, = compressive stress and strain in masonry,
respectively f/ = compressive prism strength of ma-
sonry f; = compressive strength of mortar.

2.2.2 Contact analysis

The contact between the concrete frame elements and
the brick wall elements, which assumes that shared
nodes exist between the brick elements and the con-
crete frame, has been used in research on confined brick
walls by Triwiyono (Triwiyono et al., 2020). In this
present study, contact analysis was carried out for fi-
nite element modeling using MSC Marc/Mentat soft-
ware. In Figure 2, for brick wall elements, the contact
between the elements that make up the brick wall (self-
contact) is modeled. However, wall plastering mortar is
not modeled in the finite element model, so that there
is a gap between the frame elements and the brick wall
elements. Brick wall-1 elements are in contact with
the concrete frame. All contacts are modeled using the
contact a type designated as glue. Glue contact in finite
element analysis is employed to simplify the modeling
of dowel anchors within the experimental framework.
While the physical experiment demonstrated separa-
tion between the concrete frame and the brick wall,
the dowel anchorage mechanism in the finite element
model was idealized as a perfect bond. This assump-
tion ensures no relative motion or separation occurs at
either interfaces.
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(a) Tie beam and foundation separation of experimental

specimen (Triwiyono et al., 2020)
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(c) Wall configuration 1 deformed shape of FEA analysis

Figure 8 Deformed shape

2.2.3 Modeling of Finite Element

The mesh of the confined brick masonry wall can be
seen in Figure 3. In this modeling, flexural reinforce-
ment and shear reinforcement truss elements are em-
bedded in beam and column solid elements. This
method has been implemented in reinforced concrete
beams by Effendi (Effendi, 2020).

The boundary and loading conditions can be seen in
Figure 4. The in-plane loading is applied by the force
control with a maximum value of 7 tons. The load-
ing is implemented using multi-point-constraints with
a rigid bar element. The support boundary conditions
were specified as fixed degrees of freedom. All the ele-
ments of the brick masonry wall specimen in this mod-
eling are constrained from moving along the Y axis.

Mesh sensitivity analysis is performed to select the ap-
propriate mesh size that provides accurate results with
optimal computation time. In finite element modeling,

(b) Spalling at the bottom corner of the concrete frame
(Triwiyono et al., 2020)
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(d) Wall configuration 2 deformed shape of FEA analysis

the plaster on the wall is not modeled, so that the con-
crete frame mesh width is 75 mm, and the wall mesh
width is 52 mm. The brick wall mesh of 207.69 x 211.11
x 52 mm (Mesh 1) and 103.85 x 105.55 x 52 mm (Mesh
2) are used in the mesh sensitivity analysis. The force-
displacement plotting results can be seen in Figure 5.
The Mesh 2 model was considered during the analysis.

3 RESULTS AND DISCUSSION
3.1 Force-Displacement Response

In the force-displacement curve shown in Figure 6 and
Figure 7, the experimental results show both force-dis-
placement curves from the left and right directions, re-
spectively. The experimental envelope curves for all
wall configurations, derived from each hysteresis loop
in the pushing direction ("Experimental (+)”) and the
pulling direction ("Experimental (-)”), are presented in
Figures 6 and 7, respectively. In contrast, the finite ele-
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Figure 9 Failure mode of wall-Configuration 1

ment analysis (FEA) was conducted under a monotonic
static load.

The finite element analysis revealed that the maxi-
mum force of brick walls predicted by the finite ele-
ment model closely aligned with the results from lab-
oratory tests; however, a discrepancy was observed
in the initial stiffness values (Triwiyono and Eratodi,
2019). The measured displacements, presented in Fig-
ures 6 and 7, were obtained by recording the horizon-
tal displacements at the corners of the wall specimen,
which were not subjected to force application in finite
element analysis, after being loaded with a maximum
force of 7 tons. Figures 6 and 7 show that the elas-
tic displacement-force response of the brick walls is af-
fected by the quality of the concrete forming the col-
umn and beam frames.
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The displacement-force response derived from the fi-
nite element analysis conducted in this study demon-
strates nonlinear behavior exclusively for Specimen
Wall configuration 2, as illustrated in Figure 7. The
overall behavior of the brick wall-frame system, as ob-
served in the experimental findings, may still be influ-
enced by the interaction between the brick wall and the
surrounding frame.

3.2 Deformed shape of masonry wall

Based on Figures 8a and 8b, experimental observations
of both masonry wall configurations 1 and 2 show that
there was separation between the tie beam and the
foundation, even though steel anchors were installed.
The observation also reveals that uplift occurred and
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spalling was observed at the bottom corner of the con-
crete frame. The separation between the tie beam and
the foundation was deemed inconceivable, despite the
installation of steel anchorages (Triwiyono et al., 2020).
The results of the finite element analysis do not show
any separation, as shown in Figures 8c and 8d. The sep-
aration between the tie beam and the foundation did
not occur because in the finite analysis modeling, the
contact between the tie beam and the foundation was
modeled as a Glue contact type where the glue separa-
tion was suppressed.
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3.3 Failure Modes of Specimen’s Reference

The von Mises criteria is among the most commonly
used methods for checking yield conditions under mul-
tiaxial loading conditions. The von Mises stress can be
used as an indicator to determine material failure. In
this case, the failure occurs when the equivalent von
Mises stress reaches the yield strength of the mate-
rial in simple tension. The failure mode of the exper-
imental masonry wall for configuration 1 is depicted in
Figure 9a. The von Mises stress contours of wall con-
figuration 1 are presented in Figure 9b as well as the
crack pattern of the experimental wall shown in Fig-
ure 9a. Figure 9b illustrates the maximum von Mises
stress, recorded at 0.21 MPa, which corresponds to the
tensile strength of the brick masonry. The equivalent
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of total strain is often used to predict fracture or per-
manent deformation. Figure 9c depicts the distribution
of equivalent total strain under a 7-ton loading condi-
tion, highlighting the strain alignment along the diag-
onal direction of the wall.

The graph for equivalent von Mises stress versus equiv-
alent total strain at top corner far from loading (point
A) of the wall, at top corner near loading finite ele-
ment analysis (point C) of the wall, and at bottom cor-
ner of the wall (point B and point D) can be seen in Fig-
ure 9d, respectively. Theequivalent von Mises stress at
Point A exhibits a linear increase until reaching a max-
imum value of approximately 0.11 MPa. At Point B, the
stress increases linearly up to 0.167 MPa, transitioning
to non-linear behavior until it reaches 1 MPa. Similarly,
at Point C, the stress remains linear up to 0.243 MPa
before exhibiting non-linear behavior, culminating at
1.55 MPa. At Point D, the stress follows a linear trend
up to 0.157 MPa, subsequently becoming nonlinear and
reaching a maximum value of 0.29 MPa.

Figure 10a illustrates the failure mode of the exper-
imental brick masonry wall for wall configuration 2.
The von Mises stress contour for wall configuration 2
is shown in Figure 10b, while the crack pattern of the
experimental wall is also presented in Figure 10a. Fig-
ure 10b highlights the maximum von Mises stress, mea-
sured at 0.15 MPa, which corresponds to the tensile
strength of the brick masonry. In contrast to the finite
element analysis results for wall configuration 1, where
the equivalent of total strain distribution was predom-
inantly diagonal, the total strain contour for wall con-
figuration 2 exhibits a slight inward curvature toward
the corners under loading, as depicted in Figure 10c.

In Figure 10d, the equivalent von Mises stress at Point
A increases linearly, reaching a maximum value of ap-
proximately 0.102 MPa. At Point B, the stress shows a
linear increase up to 0.128 MPa, transitions to nonlin-
ear behavior, peaking at 1.07 MPa, and remains con-
stant up to a strain of 0.0033. Similarly, at Point C, the
stress increases linearly up to 0.286 MPa before tran-
sitioning to nonlinear behavior, ultimately reaching a
peak of 2 MPa. At Point D, the stress follows a linear
trend up to 0.138 MPa, then transitions to non-linear
behavior, and subsequently decreases to 0.01 MPa.

4 CONCLUSION

In this study, three-dimensional finite element analy-
sis was conducted to simulate the nonlinear response
of 3D masonry structures using a macro-modeling ap-
proach. The brick masonry and concrete were mod-
eled using 3D solid elements with a multi-linear ma-
terial constitutive model. The compressive failure of
brick masonry and concrete was also included via a Lin-
ear Mohr-Coulomb material constitutive model. The
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tensile strength of brick masonry was taken from ex-
periments, and the tensile strength of concrete was set
close to zero to simulate the concrete frame cracking if
the von Mises stress exceeded this tensile stress. The
steel reinforcement was modeled using 3D truss ele-
ments with a bi-linear material constitutive model. The
steel and the concrete of the frame were modeled by an
embedded model.

The linear force-displacement behavior of brick ma-
sonry walls confined by a concrete frame under lateral
static forces demonstrates a strong correlation with
experimental results. The initial stiffness value de-
rived from finite element analysis exhibits a consistent
trend with experimental data. The force-deformation
response within the elastic phase is substantiated by
nonlinear finite element analysis. However, in the non-
linear phase, the finite element analysis results do not
accurately capture the experimental outcomes. Specif-
ically, the analysis yields a linear response for the
wall configuration 1 specimens, while the nonlinear re-
sponse for wall configuration 2 deviates from the exper-
imental results.

The macro-modeling approach used in the finite ele-
ment analysis for the brick wall elements resulted in
differences in the observed damage patterns between
wall configuration 1 and wall configuration 2 compared
to wall configuration 1 and wall configuration 2 com-
pared to the experimental results. It is recommended
that future research include experimental data and nu-
merical studies encompassing a broader range of con-
crete, brick, and mortar material properties to further
generalize the findings and ultimately inform the de-
velopment of design codes for practical applications.
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