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Abstract

Masonry-infilled reinforced concrete (RC) frames are prevalent in construction due to their robust
strength and durability. However, the interaction between the infill and the frame can lead to various
damage patterns, complicating the assessment of their seismic performance. Both analytical and
experimental studies have been carried out to examine the behavior of these structures under in-plane
lateral loading. This paper proposes a simplified micro-modeling approach using the commercial
software ABAQUS to simulate the behavior of infilled RC frames with local brick samples. The
proposed model is validated against experimental data, showcasing its ability to predict the load-
displacement response of masonry-infilled RC frame structures. This research addresses a critical aspect
of construction engineering: the seismic assessment of these frames is vital for ensuring structural safety
and resilience. Utilizing the Concrete Damage Plasticity (CDP) model for RC frames and the Drucker-
Prager criterion for Egyptian clay bricks, the model effectively captures the complex behavior of infilled
RC frames under monotonic loading. These findings enhance the understanding of the seismic behavior
of these structures, offering valuable insights for better design and retrofitting strategies.
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1- INTRODUCTION

Masonry, a widely used structural material, holds significant historical importance and continues to find
applications in diverse construction purposes. Masonry comprises units and mortar, each possessing
distinct mechanical properties. The arrangement and geometry of these constituents can vary, giving rise
to various masonry configurations. Consequently, masonry is classified as a heterogeneous anisotropic
material, making the analysis, understanding, and capture of its structural behavior complex. To design
non-standard masonry structures or assess existing ones, numerical modeling is often necessary to
comprehend the structural response under different loading conditions.

In contemporary times, numerical models provide a feasible alternative to physical experiments. Various
numerical methods, such as the finite element method (FEM), discrete element method (DEM), limit
analysis, and the applied element method (AEM), have been employed to conduct numerical analysis and
simulate the linear and non-linear behavior of masonry. This paper focuses on the finite element method
(FEM) for masonry analysis. FEM for masonry is based on two primary modeling approaches: micro-
modeling and macro-modeling, with the choice dependent on the required level of accuracy and detail.
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Figure 1: Finite element modeling approaches: (a) detailed Micro-model; (b) simplified Micro-
model; (c) Macro-model.

In the micro-modeling approach, a detailed simulation can be conducted, where the units and mortar are modeled as
continuum elements, and the interfaces between the units and mortar are modeled as discontinuum elements. The
detailed micro-model, as shown in Figure 1(a), can provide accurate results but is computationally intensive and limited
to simulating relatively small masonry elements. Alternatively, a simplified micro-modeling approach, as depicted in
Figure 1(b), can be adopted to address the limitations of the detailed micro-model. In this simplified approach, the
units are expanded by considering the mortar thickness, and the expanded units are modeled as a series of continuum
elements, while the interaction between the expanded units is modeled using a series of discontinued elements.

In the macro-modeling approach, as shown in Figure 1(c), masonry is treated as a homogenous material without
distinguishing between units and mortar. The material properties are derived from average properties of masonry
constituents, and the masonry is modeled as a series of continuum elements. This approach is suitable for modeling
relatively larger and more complex masonry structures where the global behavior is of interest, but it cannot capture
detailed failure modes.

Over the past four decades, finite element techniques have continuously evolved to capture the complex structural
behavior of masonry walls and associated structures. Page [1, 2] attempted to model masonry using a simplified micro-
modeling approach, considering masonry units as continuum elements and mortar joints as interface elements. Shing
and Cao [3] extended this approach to study the behavior of masonry assemblages by including fracture of the mortar
joints into the model through interface elements. The simulation successfully captured the crack initiation and
evolution of masonry mortar joints under combined normal and shear stresses in tension-shear and compression-shear
regions. However, the simulation of masonry under high compression stress was unsuccessful. Lourenco and Rots [4,
5] developed a multi-surface interface model based on three yield functions: tension cut-off for tensile failure, Mohr-
Coulomb failure envelope for shear failure, and a cap model for compressive failure. Additionally, potential vertical
cracks were incorporated in the middle of masonry units to simulate vertical cracks under pure tension.

Shing and Cao [3] conducted finite element analysis for partially grouted masonry shear walls using a smeared crack
model to simulate the fracture behavior of masonry units and plasticity-based interface elements to capture the response
of mortar joints under tensile and shear stress. Although the model successfully simulated the failure modes of masonry
walls, the lateral resistance of the walls was higher than the experimental results. For instance, in one of the reported
models, the numerical analysis showed a 60% higher lateral resistance compared to experimental results. Sutcliffe [6]
performed a lower bound limit analysis for masonry shear walls, considering both tensile and shear failure in the brick
units and using a compression cap for the interface elements, but without considering material softening behavior.
Citto and Kumar [7]. Developed an interface model to simulate crack initiation and propagation in masonry joints, as
well as potential vertical cracks in the middle of masonry units under normal and shear stresses. The model also
incorporated a compression cap to simulate the plastic response under compression. The proposed model was analyzed
using ABAQUS, employing a user-defined subroutine to define the constitutive behavior. In all the aforementioned
studies, simplified 2D micro-models were used to simulate only the in-plane behavior of masonry under normal and
shear stresses Mohamed,H [8].
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Figure 2: (a) Masonry portion describing Simplified micro scale model for masonry components
(b) element model for brick units.

The studies mentioned above predominantly focused on monotonic in-plane load regimes. Oliveira and Lourengo [9]
proposed a 2D model to simulate the behavior of masonry under cyclic loading using interface elements between
masonry units. More recently, Miglietta [10]. Implemented a finite/discrete element model (DEM) to simulate the
behavior of masonry under reversed cyclic in-plane loading. Their 2D model relied on stress-displacement
relationships between adjacent masonry elements to capture the opening and sliding behavior of masonry joint
elements, successfully representing the response and failure modes of masonry under reversed cyclic in-plane loading.
However, the crushing of masonry under compression, which is a possible failure mode of masonry under cyclic loads,
was not considered. Several studies have also been conducted to simulate the behavior of masonry under monotonic
out-of-plane loads. Kuang and Yuen [11]. Performed a 3D explicit-dynamic numerical analysis using a damage-based
cohesive crack model. The model, implemented in ABAQUS through a user-defined subroutine, captured the nonlinear
response and failure modes of masonry-infilled reinforced concrete frames subjected to combined in-plane, out-of-
plane, and dynamic loads. However, the compressive failure of masonry and cracking of masonry units were not
considered. La Mendola [12]. Conducted a finite element analysis to simulate the nonlinear out-of-plane behavior of
masonry. They employed interface elements with a bilinear law to simulate crack initiation and propagation in masonry
joints, achieving good agreement with experimental results. However, the masonry components were modeled using
an isotropic linear elastic law, neglecting possible compressive failure mechanisms. Aref and Dolatshahi [13]
developed a 3D constitutive material model with an explicit-dynamic analysis procedure in ABAQUS. The model,
defined through a user-defined subroutine, captured the linear and non-linear behavior of masonry under in-plane, out-
of-plane, and cyclic loadings.

To summarize, most existing numerical analysis studies on masonry have focused on 2D models, limited to simulating
unreinforced masonry under normal and shear stresses, and possibly out-of-plane behavior. Realistic 3D models are
required to perform finite element analysis of masonry under more complex loading conditions, such as combined in-
plane and out-of-plane loads experienced in service. Moreover, 3D models are essential for simulating reinforced
masonry walls, as their behavior cannot be adequately captured in 2D models. Some proposed 3D models in the
literature rely on user subroutines and explicit dynamic analysis procedures. Additionally, it should be noted that crack
propagation within the brick units, which plays a vital role in the non-linear degradation of masonry assemblages, is
either ignored or defined using interface elements, assuming potential cracks to be vertical in the middle of the units.
This paper presents a simplified 3D micro-modeling approach to simulate the behavior of masonry using the
commercial finite element package ABAQUS. The proposed approach involves a combined 3D finite element model
to simulate masonry walls under monotonic in-plane, out-of-plane, and cyclic in-plane loads using a quasi-static
solution procedure. The model relies on surface-based cohesion with two yield criteria (tensile and shear) to simulate
crack initiation and propagation in masonry joints, and a Drucker-Prager plasticity model to capture the crushing of
masonry under compression. The implemented model introduces novel aspects:

1. It simulates the detailed behavior of masonry walls under in-plane and out-of-plane loads using quasi-static analyses.
2. Unlike previous approaches, it captures crack propagation within masonry units without requiring initial definition
of crack locations, utilizing the extended Finite Element Method (XFEM).

3. The proposed model is simplified and user-friendly, developed by utilizing methods available in the ABAQUS
Library without the need for user-defined subroutines.

2- Numerical Modeling Approach

A detailed explanation of the constitutive models used to simulate 3D masonry under a simplified modeling approach
will be provided. Additionally, the failure modes associated with these models will be discussed. One of the constitutive
models employed is the surface-based cohesive behavior model. This model focuses on obtaining the structural
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response of masonry along bed and head joints. It captures the linear and fracture behavior of the joints by considering
the traction-separation behavior between the masonry units. The surface-based cohesive model enables the simulation
of failure modes in masonry joints, specifically tensile cracking and shear sliding. Tensile cracking of the joints, as
shown in Fig. 3(a), is simulated by the model. When subjected to tensile loading, the model takes into account the
initiation and propagation of cracks within the joints. This behavior is represented by a softening curve that describes
the reduction in cohesive strength as the cracks extend. Moreover, the surface-based cohesive model also simulates
shear sliding of the joints, as depicted in Fig. 3(b) and (c). When shear loading is applied to the joints, the model
considers the interaction between the joint surfaces, incorporating shear tractions and separation. This allows for the
representation of shear failure modes, such as sliding and separation along the joint interfaces. By including the analysis
of both tensile cracking and shear sliding, the surface-based cohesive model provides a comprehensive understanding
of the failure modes associated with masonry joints. Through these simulations, a more accurate depiction of the
structural response of masonry can be achieved under various loading conditions.

. 5:
.:Sn

@ ®) ©
Figure 3: Failure modes of the joints: (a) tensile cracking, (b) shear sliding in x-direction,
(¢) Shear sliding in z-direction.

The focus is on modeling masonry units and examining five distinct failure modes that occur at the interface between
bricks and mortar. These failure modes are illustrated in Figure 5 and it is crucial to accurately define and depict each
mode to understand the potential mechanisms of failure. The first failure mode involves pure tensile failure, where the
interface's tensile strength is surpassed. The second mode is characterized by pure sliding, where the interface slides
without significant tensile failure. The third mode is a combination of cracking and shear failure along the diagonal
direction. This occurs when both tensile and shear forces contribute to failure, resulting in cracks and sliding along the
diagonal plane. The fourth mode entails crushing within the masonry unit itself. This happens when compressive forces
exceed the brick's capacity, leading to local crushing and deformation. Lastly, the fifth mode involves cracking in the
brick units, which can occur due to various factors such as material properties, structural loads, or environmental
conditions. The section is divided into two subsections. The first subsection focuses on numerical modeling,
particularly highlighting the modeling of mortar with cohesive properties. This entails defining the cohesive behavior
and properties of the mortar interface. The subsequent subsection discusses the validation of the proposed numerical
finite element (FE) model by comparing it to existing experimental studies. This validation process involves assessing
the accuracy and reliability of the numerical model by comparing its predictions to experimental results obtained from
tests conducted on masonry structures. By addressing the various failure modes and validating the numerical model,
this section aims to provide a comprehensive understanding of masonry unit behavior and interface characteristics,
enhancing the modeling approach's accuracy and reliability.
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Figure 4: Modeling main strategy for brick walls a) brick wall segment, b) simplified-micro
modeling.
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Figure 5: Crack patterns of masonry elements; a) pure tensile failure of the interface joints,
b) Pure sliding shear failure at the interface, c) diagonal cracking through the assembly,
d) Crushing of brick units, and e) tensile cracking failure of both brick and mortar.

The linear behavior of cohesive zone interface joints is modeled using the cohesive zone theory, which was first
introduced by Dugdale [14] and further developed by Barenblatt [15]. This theory allows capturing the actual behavior
of interface joints between masonry units. The cohesive element used in this study represents the interface joints and
follows two basic failure modes: tensile cracking (Mode-I) and shear sliding (Mode-11/11I).

To express the mechanical constitutive model of cohesive behavior, a traction-separation law is used.

ty K, 0 0 Sy (1)
t=kXx 6Wheret=<tyg>,,K= 0 Kys O and6=<6Hs>
tur 0 0 Kuyr toyr
_ Ey XEm 2
KV_hmx(Eu_Em) ( )
KHS and KHT = M (3)

hm X(Gy— Gm)

The surface-based cohesive behavior can be divided into three stages: linear elastic traction-separation, damage
initiation criteria, and damage evolution. The linear elastic behavior is defined by a constitutive matrix, where (K)
represents the elastic stiffness matrix and consists of normal stiffness (Ky) and transverse stiffness’s (Kus and Kyr) of
the interface elements. The nominal traction stress vector (#) consists of the tractions in normal and two shear directions,
represented by (¢, tus and tx7) respectively. The corresponding separations are denoted by ( dy, dus, and dur).

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

(t,, ,:]mx) + (tH;I:Irflax) + (tH;I:ITTerax) =1
(4)

The inelastic response of the masonry joints is characterized by damage initiation and propagation. Damage initiation
occurs when a quadratic interaction function, based on the contact stress ratios, equals one. Tensile cracking failure is
defined using the Mohr-Coulomb failure criteria, where the shear failure criteria (7 ;) depends on the cohesion (C),
friction coefficient (u), and normal compressive stress (o ,) Post-failure, the critical shear sliding criteria (7 siging) 1S
defined based on the law of friction, and the separation of elements leads to stiffness degradation. The damage
evolution law is based on the linear softening of the fracture energy, where the damage variable (D) gradually
increases from O to 1 after damage initiation. The effective separation (J.p) is defined as the combined separation in
all directions. The complete failure separation (Jd.g; f) and the initial separation (Jeg, 0) are used to determine the
damage variable. The critical fracture energy (GTC) for the mixed-mode fracture law is determined by the
Benzeggagh-Kenane criterion.
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For modeling purposes, a finite element method (FEM) is proposed, where the brick elements are represented as 3D
hexahedral units. Contact surfaces between masonry parts are modeled using a hard contact property, and crack
propagation is simulated using the extended FEM (XFEM) method. Nonlinear geometric effects are considered, and
viscosity regularization is used to mitigate numerical Instability.
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2.1 Material Model for Masonry and RC Frame

Utilizing the Concrete Damage Plasticity (CDP) model for RC frames and the Drucker-Prager (D-P) criterion for
Egyptian clay bricks, the model effectively captures the complex behavior of infilled RC frames under monotonic
loading. The Drucker-Prager (D-P) plasticity model is employed to predict the nonlinear behavior of masonry brick
units (Drucker and Prager). This model builds upon the Mohr-Coulomb criteria by analyzing the actual stresses at
failure and incorporates the D-P hyperbolic function and non-associative flow rule to define the plastic flow potential
(Debnath, Chen, Dhir, Ghiassi, and Paudel) [18-23]. The parameters and properties used for these models are detailed
in Table 1, Table 2, and Table 3.

2.2 Meshing and Boundary Conditions

Mesh sensitivity analysis is performed to determine an appropriate number of elements. In this study, the consideration
of nonlinear geometrical effects was important. To conduct numerical analysis, simplified micro-models were utilized,
employing incremental displacement as a means of control. Addressing numerical instability resulting from stiffness
degradation in masonry joints, the implementation of viscous regularization proved crucial. Accurate simulations
required conducting mesh sensitivity analysis, ensuring the use of an appropriate number of elements to represent
masonry components. A mesh size of 7 X 2 x 2 elements was determined to be practically sufficient, as further
increasing mesh density had a negligible impact on the results. Abdulla [16] conducted a comprehensive examination
of different viscosity parameters and mesh sizes, ultimately selecting 0.002 as the most suitable value. Consequently,
this study adopted the same value for its analysis. The boundary conditions were set to reflect realistic constraints and
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loading scenarios. The base of the frame was fixed to simulate a rigid foundation, and incremental horizontal
displacement was applied to the top of the frame to mimic monotonic loading conditions. This setup allows for a
controlled simulation of the seismic performance of the RC frames, providing valuable insights into their behavior
under such loading conditions.

2.3 Interaction

The interaction between masonry units and mortar is crucial for accurate simulation. The surface-based cohesive
behavior model focuses on obtaining the structural response of masonry along bed and head joints, capturing linear
and fracture behavior. This includes tensile cracking and shear sliding, allowing for a comprehensive understanding of
failure modes. The parameters and properties used for these models are detailed in Table 1, Table 2, and Table 3. To
accurately model these interactions, the cohesive behavior model is calibrated to replicate the actual behavior observed
in physical tests. This model incorporates the effects of both tensile and shears forces at the joints, which are critical
in understanding how the masonry units interact under loading conditions. By capturing the linear elastic behavior and
the subsequent fracture processes, the model provides a detailed depiction of how the infilled RC frames will perform
under monotonic loading. This approach ensures that the simulation can predict various failure modes, such as tensile
cracking and shear sliding, which are commonly observed in masonry structures. The calibration and validation of
these interaction models are based on experimental data and existing literature, ensuring that the simulations are both
accurate and reliable. The parameters used in these models are derived from comprehensive studies and are tailored to
reflect the specific characteristics of the materials used in the construction of the frames. The detailed properties and
parameters used for the interaction models are outlined in the corresponding tables, providing a clear reference for the
simulation setup.

Equation (13) presents the expression for this model, where € represents the coefficient denoting eccentricity, ot
signifies tensile stress, and (i) represents the dilation angle. Previous studies, such as Abdulla [16], have utilized this
criterion to simulate masonry elements like bricks. To determine the ultimate compressive strength of the finite element
(FE) models, stress-strain curves are established based on the alternating hardening and softening criteria of the (D-P)
plasticity model. The eccentricity parameter (€) is employed to define the plastic yield function and governs the rate
at which the plastic flow potential approaches the asymptote. As per the Drucker-Prager theory, the plastic flow
potential becomes linear when the eccentricity value approaches zero. By default, the eccentricity parameter is typically
set at 0.1. In the literature, a dilatation angle of 36° is commonly assumed for unreinforced masonry structures.

G=(Eop,tany)? + g2 —
dtany (13)

The extended elasticity modulus (Eadj) is adjusted for expanded masonry units, which are larger in size compared to
the actual masonry units. This adjustment is made by considering the elasticity modulus of the original masonry units
and mortar, as well as the geometry of the masonry assemblage. The formula used to determine the extended elasticity
modulus takes into account the even stack bond and assumes a uniform distribution of stresses in the masonry units
Abdulla [16]. Equation (14) in this context incorporates the wall height (H) and the number of layers (n), while the
remaining parameters are defined in the previous equations. The specific values chosen for these parameters are
presented in Table 1.

Eadj
_ H x E, X Ep (14)
nxXh, X E,+Mn—1)Xh, XE,
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Figure 6: Loads for TU Eindhoven shear walls (a) phase vertical loading; (b) phase-
Horizontal loading under displacement control.

The tests conducted on masonry shear walls as part of the CUR project in the 1990s. The tests were performed by
Vermeltfoort and Raijmakers [24]. Two types of walls were investigated: those with a central opening and those without.
The shear walls had a width-to-height ratio of one and dimensions of 990 x 1000 [mm?]. They were composed of 18

courses, with 16 active courses and 2 courses clamped in steel beams. The configuration of the walls is depicted in
Figure 6, where the arrow with a circle represents displacement. The walls were constructed using wire-cut solid clay
bricks measuring 210 x 52 x 100 [mm?], with mortar that was 10 [mm] thick. The mortar was prepared with volumetric
cement: lime: sand ratio of 1:2:9.

To test the walls, different vertical recompression forces (uniformly distributed) were applied before subjecting the

walls to a monotonic increase in horizontal load under top displacement control. The testing was conducted in a
confined manner, meaning that the bottom and top boundaries were kept horizontal, preventing any vertical movement.

This setup is also shown in Figure 6.

The material properties used in the tests were obtained from existing results of tension, compression, and shear tests,

as reported of the project. Additionally, samples were collected for each specific wall to gather relevant material data.

Table 1: Elastic properties of constitutive materials and joint interfaces.

. - e Solid Walls .
S.N. | Elastic Properties | Masonry Constitutive TAD and 13D 76D Fin Remarks
Brick (Ey) (MPa) 16700 16700 | 16700 .
1. | Elasticity Mortar (En) (MPa) 780 T030 | 780 | ourence (1997)
Expanded Units (MPa) 4050 4655 4655 | Abdulla (2017)
Poisson Ratio Brick / Mortar 0.15 0.15 0.15
. . - Kun (N/mm3) 82 110 82 Lourenco (1997)
3. Joint Stiffness K... K, (N/mm3) 36 =5 6
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Table 2: Non-linear material properties for the joint interfaces.

Tension Shear
Tensile G':.- (NS Shear 2
Strength Strength (NS mm)
(MPa) (MPa)
2.0 0.08 2.8 0.5

Table 3: Properties for the adjusted masonry units.

Non-linear Solid Walls

S-N. Interface Properties J4D and J5D JeD 7D Remarks
] Tereion o (MPa) 0.25 0.16 0.16
’ i G‘}- (N/mm) 0.018 0.018 0.018
c (MPa) 1.4 *tnmax L% tmax 1A% tymax .
2. | Shear m 0.75 075 075 | Courenco (1997)
}’;—‘ {N/mim} 0.125 0.05 0.05
3. Compression o (MPa) 10.5 11.5 11.5

2.4 Verification of Modeling

The proposed model is validated against experimental data, showcasing its ability to predict the load-displacement
response of masonry-infilled RC frame structures. The model's accuracy and reliability are assessed by comparing its
predictions to experimental results obtained from tests on masonry structures.

This validation process involves a detailed comparison of the simulation results with the empirical data. Key metrics
such as peak load capacity, stiffness, and displacement at failure are evaluated. The close agreement between the
numerical predictions and the experimental results demonstrates the model's capability to accurately capture the
complex behavior of infilled RC frames under monotonic loading conditions.

The verification process includes:

1. Load-Displacement Curves: Comparing the simulated and experimental load-displacement curves to ensure the
model accurately reflects the structural response.

2. Failure Modes: Observing the failure patterns in both the model and experiments to confirm that the model can
predict realistic failure modes such as tensile cracking and shear sliding.

3. Quantitative Analysis: Assessing the numerical differences between the simulated results and experimental data
to quantify the model's accuracy.

The validation results confirm that the proposed modeling approach, which incorporates the Concrete Damage
Plasticity (CDP) model for RC frames and the Drucker-Prager criterion for masonry bricks, provides a reliable and
robust simulation of the behavior of masonry-infilled RC frames. This comprehensive validation ensures that the model
can be confidently used for further analysis and design of such structures.

By dividing the numerical section into these detailed subsections, each aspect of the modeling approach is thoroughly
covered, providing a clear and organized presentation of the methods and results. This structured approach enhances
the understanding of the simulation process and ensures that all critical components are addressed comprehensively.

3 - Numerical modeling

In order to investigate the effect of infill walls on the overall performance of RC frames, the detailed finite element
modeling approach was adopted herein. ABAQUS software [25] was used to implement the modeling strategy. As
such, the RC frame was modeled using 3D solid element embedded steel. Concrete Damage Plasticity (CDP) model
was used for concrete and Drucker Prager (DP) for brick materials. Steel material nonlinearity was considered as
bilinear model. Experimental data from the valuable research paper authored by Kakaletsis [26] were incorporated into
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our analysis.
4- Results and discussion

These results were obtained under 40 mm and 20 mm monotonic loading using pushover analysis for the bare frame
and masonry wall, respectively.

The results of the numerical simulation, described in Section 2, are presented graphically in Figures 7, 8, 9 and 10,
depicting the horizontal top displacement versus horizontal loading for each case. It is evident from the simulation that
the elastic response of the masonry wall remains consistent across all bond types. However, the non-linear behavior
varies depending on the combination of aspect ratio and pre-compression load. For walls with an aspect ratio (H/L)
greater than or equal to 1, ultimate failure is characterized by diagonal cracking under both pre-compression loads.

S, Mises
(Avg: 75%)
—r +3.514e+01

+3.221e401
+2.929%e+01
+2.636e+01
+2.344e+01
+2.051e+01
+1.758e+01
+1.466e+01

+1.173e401
+8.810e+00
+5.884e+00
+2.95%+00
L 43.416e-02

a) Numerical Model b) Experimental Data
Figure 7: the crack patterns within the selected frame. a) Numerical model, b) Experimental
Data.

60,000
50,000
40.000

30,000

Force (N)

20,000

10,000 -

23

] = wy = =1 o
et — i = = st
= = i - = e

42
6.2
90

400

Displacement {mum)
------ Experimental Model = ——— Numerical Model
Figure 8: Load — Deflection Curves obtained from experimental test Kakaletsis (2008) and
numerical model.
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Figure 9: Comparison of failure modes, a) Experimental failure patterns, b) Numerical failure
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Figure 10: Load — Deflection Curves obtained from experimental test Abdulla (2017) and

numerical model.

5- Conclusion

This study comprehensively explored the effects of different masonry bond types on the mechanical properties of half-
brick-thick masonry walls under in-plane loading conditions. It was revealed through numerical analysis that while the
elastic behavior of walls with various bond types remains consistent, significant variations are observed in their non-
linear responses. The interplay between vertical and horizontal loads introduces tensile stresses that lead to distinct
mechanical performances based on the bond type. It was found that walls with more head joints failed earlier than
those with fewer head joints. This underscores the critical influence of bond type on the mechanical behavior and

structural integrity of masonry walls.
Key Points:

1. Consistent Elastic Behavior: Numerical analysis showed consistent elastic behavior across various bond

types.

2. Non-Linear Response Variations: Significant variations in non-linear responses were observed based on the

bond type.

3. Tensile Stresses and Performance: Interplay between vertical and horizontal loads introduces tensile stresses,

resulting in distinct mechanical performances.

4. Early Failure with More Head Joints: Walls with more head joints tend to fail earlier than those with fewer

head joints, highlighting the bond type's critical influence.

5. Design Implications: Findings emphasize the necessity for careful consideration of bond types in the design
and analysis of masonry structures to ensure resilience and reliability under load conditions.
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6. Validation and Practical Agreement: Validation through realistic practical experiments showed good
agreement with numerical modeling, enhancing confidence in the study's results.

7. Future Research Directions: Future research should focus on refining modeling techniques and investigating
additional factors influencing masonry performance to enhance the accuracy and applicability of these
findings in practical engineering scenarios.
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