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Abstract. Numerous unreinforced masonry (URM) structures worldwide face greater vulnerability to direct
threats like earthquakes, wind, impact, or explosions compared to reinforced concrete and steel structures.
Given the current worldwide environment characterized by dominance and extremism, the task of safeguarding
structures, especially from explosive detonations, presents a growing and crucial obstacle for engineers and
researchers. The Masonry Society (TMS) and the Federal Emergency Management Agency (FEMA) have
recognized that the primary cause of material damage resulting from explosions is the collapse of walls made
of URM. The recent catastrophic explosion at the Beirut seaport in Lebanon, the largest of its kind, serves as a
stark reminder to town planners, architects, and structural designers. This tragic incident resulted in an immense
loss of building infrastructure overall and specifically affected load-bearing masonry structures, leading to
severe injuries and casualties. It underscores the urgent need for comprehensive attention and strategic
measures in addressing the vulnerabilities inherent in these structures. This research study explores the response
of URM walls, constructed with clay bricks, to out-of-plane blast forces. The walls are braced with either
monolithic or non-monolithic transverse walls, and a three-dimensional micro-modeling approach is employed.
The analysis is conducted using the Abaqus software, which utilizes the finite element method. Alongside the
braced walls, the study also examines a free-standing URM wall without transverse walls. The exposed face of
the walls is subjected to peak reflected pressures of 0.38 and 1.01 MPa, generated by explosive charges
weighing 4.34 and 7.49 kg-TNT at scaled distances of 2.19 and 1.83 mvkgl/3, respectively. The Concrete
Damage Plasticity (CDP) model, which incorporates the influence of strain rate, is utilized to simulate the
behavior of masonry under blast loads. Comparisons are made between the computed damage patterns of a
wall reinforced with monolithic transverse walls and the experimental results found in existing literature,
revealing a notable level of agreement. The influence of both monolithic and non-monolithic joints on the
performance of the exposed wall is thoroughly examined and contrasted with one another, as well as with the
performance of a free-standing wall. The research indicates that non-monolithic joints between the exposed
wall and transverse bracing walls exhibit a greater extent of damage to the bracing walls, as this is
predominantly influenced by the response of the exposed wall itself.

1. Introduction

Urban centers worldwide face the constant threat of intentional or accidental explosions. Extremist individuals, driven
by radical ideologies, are increasingly resorting to targeting critical infrastructures such as government buildings,
monuments, bridges, airport facilities, and embassies. Their objective is to undermine societal stability, sow chaos,
and instill fear through devastating explosions [1]. Among various architectural structures, masonry load-bearing
buildings are particularly vulnerable to such attacks due to their limited resistance to out-of-plane flexural forces and
inherent brittleness [2]. TMS and FEMA have identified the failure of URM walls as a significant hazard to building
occupants. These walls tend to disintegrate during blasts, hurling dangerous fragments and debris caused by the force
of the explosion [1]. The response of a URM wall to blast loads that are applied perpendicular to its plane is
predominantly determined by multiple factors. These factors include boundary conditions, slenderness ratios, the
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placement and dimensions of openings, the ratio of opening area to wall area, as well as the wall's shear, compressive,
and tensile strengths [3-7]. In a typical URM building, the walls experience two-way action when subjected to out-of-
plane forces, with support provided by transverse walls on the sides and floors or roof at the top and bottom [3]. The
extent of damage caused by the blast is dependent on the specific support conditions. Similar to slabs, the blast
response of a URM wall supported on all four edges varies depending on whether it spans in one direction only or in
both directions [3]. One-way spanning walls typically experience failure through the development of cracks that run
parallel to the supports. The failure of a free-standing cantilever wall, on the other hand, depends on various factors
such as the yield of the explosive, its standoff distance, the height of the explosive charge, and the location of the
explosion along the length of the wall [8]. In terms of damage, horizontal cracks are more likely to occur. The
formation of vertical cracks is influenced by the thickness and length to height ratio of the wall. However, walls that
span in both directions primarily fail by developing diagonal cracking, accompanied by sparse vertical cracks near the
supporting edges [3]. The behavior of masonry walls is further complicated by inherent heterogeneity resulting from
the use of queen closer, three-quarter bat, and workmanship during construction [1-3, 8-9]. This complexity adds to
the challenges faced in understanding and analyzing the behavior of these walls. Thorough research and analysis are
necessary to mitigate potential threats and ensure the safety and stability of infrastructure.

Numerous analyses, both computational and experimental, have been carried out to study the repercussions and blast
effects on the structural elements of buildings [2, 8-13]. These investigations typically involve strain rates exceeding
1 /s, while quasi-static testing involves strain rates ranging from 107 to 1077 /s. However, further research is necessary
due to the presence of significant nonlinear behavior and the potential for brittle failure, which makes it challenging
to accurately simulate the impact of explosions. Numerous studies have emphasized the risk of fatalities and the
vulnerability of masonry envelopes to out-of-plane loading, particularly in the context of earthquakes [14-16, 17-19]
and explosion debris [8-13]. It is crucial to delve deeper into these areas to gain a comprehensive understanding of
their implications for infrastructure safety and design. Explosions have distinct effects on a building's external
structure, but earthquake-resistant buildings are unlikely to be impacted in the same way. This disparity is due to
several factors, such as the difference between explosions directly affecting the building's exterior while earthquakes
originate from movements at the foundation. Explosions usually result in limited damage in a specific area, while
earthquakes elicit a worldwide reaction. Surprisingly, there is a dearth of laboratory experiments that replicate
scenarios involving car collisions with parapets and air blasts, as found in existing literature [20-21].

The velocity at which deformation occurs is of utmost importance in dictating the mechanical response of
constructions subjected to explosive circumstances. Explosions typically generate strain rates ranging from 107 to 10*
/s [8-13, 22-24]. This phenomenon significantly affects structures constructed with reinforced concrete. Their
resistance can experience a substantial increase, with documented dynamic increase factors of up to 4 for compression
and 6 for tension [22]. However, research on masonry and its components is limited. Recent studies have revealed
dynamic increase factors exceeding 2 for compression in clay brick structures [22]. These findings highlight the
importance of understanding and mitigating the effects of strain rate on different construction materials to ensure the
safety and integrity of infrastructure.

The blast resistance of building components is an area of research that lacks experimental data due to several factors.
These factors include the difficulty in accessing test locations, the expensive nature of specimen transportation, the
requirement to rent specialized equipment for conducting experiments, and the inherent hazards associated with testing
explosions. Consequently, there is a significant dearth of empirical studies in this field. [13, 17, 25]. The constraints
in place impose limitations on the quantity of tests that can be performed, as well as the scope of parameters that can
be analyzed within each testing regimen. Nevertheless, advancements in computer hardware and software
technologies have given rise to numerical modeling as a viable and economical substitute for explosive field testing.
This alternative approach offers practicality and cost-effectiveness [25]. Using numerical modeling, researchers now
have the opportunity to thoroughly investigate various design factors at a significantly lower cost [25]. This approach
offers a viable solution for studying blast resistance in-depth while mitigating the risks and constraints associated with
traditional experimental methods.
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Fig. 1. Different approaches to modeling in masonry construction
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A widely used and versatile finite element software called Abaqus is employed to simulate and study the impact of
air-blast loading on masonry walls without reinforcement. This article considers various factors such as the nonlinear
behavior of bricks and mortar joints, the occurrence of cracks, and the interactions between the bricks and mortar. The
aim is to analyze and understand the effects of air-blast loading on unreinforced brick masonry walls using a
comprehensive physics-based approach provided by Abaqus.
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Fig. 2. The FEM models created within the Abaqus
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Table 1. Summary of responses: Part |

Wall  Amax (mm) Maxm. DDE (J)
7=2.19 7=1.83 7=2.19 7=1.83
W1 58.34 >>>23() 336.78 14033.70

W2  65.62(%9) >>>>273() 420.98 (*25) 15998.42 (*14)

W3 71.66 (23) >>>>>230  390.66 (*16) 17401.80 (*24)
* is braced URM wall with monolithic transverse bracing walls; # is URM wall with non-monolithic transverse bracing walls; and ## is free-
standing wall (without transverse walls); Amax: maximum transverse permanent displacement of the out-of-plane exposed braced wall; DDE :
damage dissipation energy; * percentage increase with respect to wall W1

Table 2. Summary of responses for exposed wall: Part 11

Wall Maxm. shear stress (MPa) principal stress (MPa)
7=2.19 7=1.83 7=2.19 7=1.83

W1 2.88 18.29 3.36 23.05

W2 7.48(>>100) 27.32 (*49) 5.74 (*71)  35.23 (*53)

W3 3.52(%2)  81.09(®>>100) 3.72(*11) 111.20 (*>>100)

 percentage increase with respect to wall W1

Predicting the structural response to a specific blast level is crucial for ensuring its safety. Load-bearing masonry
structures, such as culverts, bridges, monuments, and palaces, commonly employ bracing walls. These walls can be
either monolithic or non-monolithic, with the main wall. A monolithic joint between the walls restricts both rotational
and transverse displacements of the braced wall, while a non-monolithic connection only restrains transverse
displacement. The presence of two joints between the walls causes the exposed wall to respond differently to blast
loads, thereby influencing the resulting damage. Hence, it is crucial to comprehend the response of walls featuring
these joints when subjected to explosive forces.

2. Objectives and Methodology

This research study represents the pioneering numerical analysis of two types of braced walls: those with monolithic
transverse bracing walls and those with non-monolithic transverse bracing walls. Additionally, it investigates the
performance of free-standing walls (without transverse walls) when subjected to close-in explosion loading at 2.19
and 1.83m/kg'?. The study examines the impact of both monolithic and non-monolithic transverse bracing walls on
the out-of-plane exposed wall. Moreover, it highlights the significance of the monolithic connection between the
exposed wall and transverse walls. The findings of this research shed light on the extent of damage to URM walls and
propose constructional enhancements to mitigate the effects of blast loading on masonry walls. This paper's scope
encompasses various structures, including historic masonry monuments of national and international significance, as
well as parliament buildings, courts, and nuclear containments.

The examination of various methodologies for analyzing the behavior of masonry walls under different blast loading
scenarios has captivated the interest of many academics. A vast majority of researchers employ the widely-used



E3S Web of Conferences 434, 02034 (2023) https://doi.org/10.1051/e3sconf/202343402034
ICECAE 2023

numerical technique known as the FEM to evaluate structures under diverse dynamic loading conditions, such as blast,
impact, and wind. Consequently, presented below are the FEM investigations conducted by the research team.

3. Literature Review

¢ Blast load mechanism
Explosions in Beirut, Lebanon, have highlighted the importance of blast-resistant design not only for high-profile
structures like embassies and military institutions but also for buildings in general [13, 15—17]. The devastating blast
in Beirut resulted in over 200 confirmed fatalities and more than 6,000 people injured. The estimated cost of
infrastructure damage is between $10 and $15 billion. The safety of buildings in the face of explosive forces has
become a major concern for structural engineers. The collapse of nearby structures and the damage inflicted on distant
buildings has heightened these worries. In Ryazan, Russia, there is currently a constant bombardment of artillery shells
occurring every ten seconds. This is the result of an accidental explosion caused by a sweeping glaze that ignited an
ammunition storage facility nearby [8]. The evacuation of over 2,300 residents was necessary within a 5-kilometer
radius of the ammunition depot. Based on gathered data, the potential impact of the explosion on the affected structures
could vary from repairable damage to complete collapse, resulting in fatalities [2, 9—17]. A team of engineers strongly
advocates for the implementation of designs that can withstand such intense forces in areas prone to vulnerability or
conflict, emphasizing the importance of preserving human safety and the structural integrity of buildings [13].
To generate any form of explosion that goes beyond mere fire, it is necessary to utilize chemical explosives that are
solid and uncovered [13, 15, 17]. This process is known as detonation, wherein the non-reactive explosive material
undergoes a rapid and solid chemical reaction [26-28]. The velocity of detonation is measured within the range of
6e+3 to 8e+3 m/s [26-27]. Whether in solid or liquid form, the explosive transforms into a dense, intensely hot gas
under extreme pressure. The detonation of a significant quantity of explosive material creates shockwaves that consist
of a high-intensity pressure front, expanding outward into the surrounding atmosphere [26-28]. Due to the dispersion
of air in a spherical pattern, there is a correlation between the decrease in blast pressure and an increase in the duration
of the blast wave, resulting in a decrease in velocity [26]. As the pressure front expands and propagates, it encounters
and engulfs any obstacles in its path, subjecting the entire building to blast pressures [26-28]. The time it takes for the
blast wave to reach a specific location, known as the time of arrival (ta), can be observed through Friedlander's blast
pressure time history depicted in [25]. When the incident pressure reaches its peak, there is an immediate increase in
air pressure (Ps). The blast pressure profile can be separated into two distinct phases: a positive phase, which endures
for a period of time known as t;, in which the pressure exceeds that of the surrounding atmosphere, and a negative
phase, which lasts for t;” and is characterized by a pressure lower than atmospheric. It is within the area below the
blast pressure profile that the blast impulse takes place.
The peak value of the blast pressure front is influenced by two key factors: explosive mass and scaled distance [8-13].
These factors play a significant role in determining the intensity of the blast.

e Overview of past studies

There are numerous simulations based on finite element analysis that can be accessed in the public domain, which
have extensively examined the behavior of brick masonry URM walls. Additionally, a multitude of experimental
studies have also been conducted on this subject. In the work cited as [29] and [30], the influence of support conditions
and wall thickness on the URM wall's ability to withstand blast loading was investigated. Researchers [31], [24], [22],
and [23] identified that increasing the wall thickness enhances its resistance against blast effects. Furthermore, [31]
undertook a numerical study to assess the impact of brick and mortar strength on the URM wall's response to low-
intensity blast loading. The study concluded that higher strength in both the brick unit and joint mortar resulted in
reduced maximum deflection and support rotation. These findings underscore the significance of comprehending the
structural elements of URM walls and their behavior during blast events. In a study conducted by [22], it was
discovered that as the compressive strength of the masonry increased, there was a decrease in the maximum deflection
of the infill masonry walls. Similarly, [31] and [30] reported that the response of the wall mainly depended on its
specific support. [10], in their experimental study, observed no significant damage to the free-standing clay brick
URM wall at a scaled distance of 2.28 m/kg' (peak pressure=0.21MPa). [20] conducted a numerical study using LS-
DYNA software and reported a complete collapse of the infill CMU masonry wall of an RC frame structure at a scaled
distance of 2.37m/kg'?. The mode of damage and fragmentation of the wall into debris, as well as their expulsion,
were primarily influenced by blast reflected pressure, impulse, and wall thickness [32]. The response of a target
structure to a specific type of loading is influenced by several key factors. The determination of these variables
encompasses multiple factors, such as the specific attributes of the blast load wave, the structural configuration, the
type of support provided, the dynamic characteristics of the material composition, and the inherent natural frequency
of the target structure. This valuable insight is derived from reference [33].
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Experiments were carried out by [34] to explore the effects of strain rate on the characteristics of brick and mortar
materials through dynamic uniaxial compression. The findings demonstrated a substantial enhancement in the
compressive strength of both brick and mortar as the strain rate increased. In another study, [35] proposed a
methodology for assessing the structural reliability of conventional masonry walls under vertical bending conditions.
The results revealed that the reliability of these structures is significantly influenced by various factors, including wall
width, quality of workmanship, and the discretization of masonry unit thickness. Furthermore, a method was
introduced by [36] to evaluate the dependability of masonry walls when exposed to explosive forces. This
methodology integrates analytical reliability techniques with nonlinear finite element analysis. The research
highlighted that the most influential random variables affecting the resistance of masonry walls are the strength of
mortar joints and the friction between contact surfaces.

In their research, [37] utilized LS-DYNA software to simulate the reactions of a clay brick masonry wall reinforced
with different types of fiber-reinforced polymers (FRPs). The purpose was to investigate the effectiveness of FRP
strengthening in withstanding blast loads. In a similar manner, [38] utilized AUTODYN software in conjunction with
custom subroutines to establish the distinct characteristics of clay bricks and mortar. Their objective was to anticipate
the reaction and degradation of a masonry wall when exposed to explosive forces. One strategy for reducing
computational requirements is to employ a homogenized masonry material model. The determination of the equivalent
elastic moduli for brick masonry was carried out by [39] through the examination of the elastic properties of its
individual components. On the other hand, [40] presumed that masonry material behaves as an orthotropic substance
with both elastic and brittle characteristics, and then derived its homogenized mechanical properties. In [41], numerical
methods were employed to calculate the global elastic coefficients of masonry, considering the finite thickness of the
structure. Thorough research and analysis play a vital role in comprehending the behavior and reaction of masonry
structures to blast loads, as emphasized by these studies.

e Auvailable strategies to model masonry in Abaqus

In the realm of masonry numerical representation, there are two primary approaches: micro-modeling and macro-
modeling. Micro-modeling involves individually representing the various components of masonry, such as bricks,
blocks, and mortar. On the other hand, macro-modeling treats masonry as a composite entity. The choice between
these approaches depends on the required level of precision and simplicity. Macro-modeling entails blending the units,
mortar, and their interactions into a homogenous continuum. This approach is suitable for cases where a broad
overview is sufficient. Alternatively, simplified micro-modeling groups together the behavior of mortar joints and
unit-mortar interfaces using dis-continuum elements, while representing enlarged units with continuum elements. For
a more detailed analysis, detailed micro-modeling becomes necessary. This approach utilizes continuum elements to
represent the units and mortar in the joints, while dis-continuum elements are employed to depict the unit-mortar
interface. Figure 1 presents a graphical depiction of the various strategies employed in modeling. The selection of a
modeling approach is contingent upon the accessibility and dependability of data, the desired degree of precision, and
the desired level of simplicity [42]. Macro-modeling is the most realistic finite element technique, as it requires less
memory and computational time. Achieving a harmonious equilibrium between precision and effectiveness proves
beneficial. On the other hand, micro-models require significant processing power to achieve the highest level of
precision [42].

This work utilizes a meticulous approach to micro-modeling, which eliminates the unit-joint interface and instead
assumes a flawless bond through merged interface nodes. The following subsection delves extensively into the
intricacies of micro-modeling in brickwork.

e Micro-modeling

Extensive investigation has been carried out in the public domain regarding the micro-modeling of masonry.
Numerous research endeavors, such as the works of [43-49], delve into this subject matter. In the micro-modeling
technique, building blocks (such as bricks, stones, or blocks) and joint mortar are treated as distinct components of
the wall. Furthermore, special attention is given to the mortar interface. When bricks and mortar joints slide at these
interfaces, the limited cohesion between the brick unit and joint mortar is activated [50]. The current investigation
employs models for friction, hard contact, cohesion, and damage evolution to conduct a comprehensive analysis of
the interaction between the brick unit and mortar joint. The adhesion of materials is affected by the shear and normal
stresses encountered at the surfaces of the masonry joint. This failure criterion for the interface between the brick unit
and mortar joint is expressed by Equation (1) [8, 22-23].

(o) + (k) + (k) =1 Eq. (1)
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Here, oy =normal stress; o, ™** = tensile strength; og = tangential shear; o™ = shear strength; o, = tangential
shear; o ™** = shear strength (MPa).

4. Numerical modeling

Abaqus/Explicit, a commercial software, is employed to conduct a numerical analysis through the finite element
method. This software has been effectively utilized in scenarios with similar loading conditions [8-13] and comparable
materials [22-23, 40]. The numerical modeling tool Abaqus/Explicit offers the capability to simulate blast loading
using the ConWep blast load calculation module, which employs semi-empirical techniques. However, the detonation
process of the explosion, the propagation of the blast wave through the air, and its impact with the wall cannot be
accurately modeled when employing the semi-empirical algorithm for blast load calculation. Despite its limitations,
the semi-empirical code has demonstrated its ability to generate blast loads that are deemed satisfactory in comparison
to computationally intensive programs based on computational fluid dynamics [13, 25].

¢ FE information

Three FE models have been developed using a comprehensive micro-modelling approach, as illustrated in Figure 2.
The initial model, referred to as W1, features a 230mm thick unreinforced brick masonry wall that is reinforced with
monolithic transverse walls. These transverse walls are constructed using solid clay bricks with dimensions of 230mm
x 110mm x 71mm. The experimental testing of this model was conducted by [33], as shown in Figure 2(a). The mortar
joints in this model have a thickness of 20mm, which may be considered relatively high. However, for consistency
with the experimental study conducted by [33], the present study also utilized 20mm thick mortar joints. The bricks
in this model are arranged in a running bond configuration. The second model, denoted as W2, involves introducing
a non-monolithic connection between the supporting transverse walls and the braced exposed wall of the first model,
as depicted in Figure 2(b). This modification allows for the examination of the structural behavior when the connection
between the transverse walls and the exposed wall is not monolithic. Lastly, the third model, known as W3, represents
the exposed wall of either model W1 or W2 without any transverse supports. This model is designed to simulate a
free-standing wall scenario, as illustrated in Figure 2(c).

The C3D8R element is used to discretize the brick unit and joint mortar [52, 8-13], ensuring a detailed and accurate
final mesh. After conducting a mesh sensitivity test at a scaled distance of 2.19m/kg1/3, a mesh size of 10mm is
determined to be appropriate, as it prevents convergence issues and yields accurate results. In order to accurately
depict the connection between the brick units and mortar joints, the numerical model necessitates incorporating
interactions and constraint conditions. It is crucial to establish a strong connection between the continuum finite
elements of the mortar joints and those of the brick units. Consequently, the nodes are combined, and the bond interface
between the brick and mortar is not explicitly defined. By default, the program employs contact enforcement with a
penalty stiffness ten times greater than that of the underlying element. This ensures proper adherence and stability
within the model. A detailed mesh is created to ensure accuracy, with a mesh size of 10mm determined through
sensitivity testing. The numerical model incorporates interactions and constraint conditions to accurately represent the
contact relationship. The default contact enforcement establishes a strong bond between the brick and mortar
components, maintaining stability throughout the analysis.

To ensure proper response to external forces, it is essential for masonry walls to have appropriate boundary

conditions. These walls are supported by a fixed surface, typically the ground. In order to simulate this ground in the
program being utilized, the REFERENCE POINT command is employed [8, 52]. Consequently, the numerical models
are limited by the reference experimental tests conducted by [33]. The relationship between the wall and any given
surface is established through contact interaction, utilizing contact models along with the penalty contact approach as
a mechanical constraint formulation.
It is important to highlight that the cohesive behavior is characterized by the traction-separation relationships that are
included as default in Abaqus [57-58]. The friction coefficient assigned to the brick-to-mortar contact is set at 0.75.
Additionally, it is crucial to acknowledge the significance of roller supports positioned on the bottom face of brick
walls from an experimental standpoint. These supports provide the walls with a simply supported condition that is
disregarded in numerical models. In order to replicate the effects of a blast, the pressure exerted is represented as a
function, using the equivalent mass of TNT and the distance from the explosion site. The LOAD SEGMENT keycard
is employed in Abaqus to apply this load, while the explicit solver is used to accurately model the impact of an air-
blast on brick walls. The solver in question effectively resolves the motion equation by progressively addressing the
problem in small increments. It dynamically adjusts the stiffness matrix following each load and displacement step.
Furthermore, it accounts for both geometric and material non-linearity, ensuring a comprehensive analysis of the
system's behavior [52].
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The CONWEDP code offers users a means to apply load on a structure by providing peak pressure and impulse values.
In the case of the exposed out-of-plane braced wall, experimental blast reflected peak pressures of 0.38 and 1.01MPa
were observed. These pressures were generated from explosive charges with scaled distances of 2.19 and 1.83m/kg1/3
in free air, weighing 4.34 and 7.49kg-TNT equivalent, respectively. The burst occurred at a height of 910mm above
the ground surface, as depicted in Figure 3 which illustrates the location of the explosive charge. Figure 4(a) presents
an idealized profile proposed by [53], based on chemical explosions. Air-blast loading characteristics and related blast
parameters are thoroughly discussed by the authors in Refs [9-13]. Additionally, Figure 4(b) showcases free-air blast
shockwave profiles recorded experimentally by [33].

5. Results

o Verification of the Numerical Model (W1)
For Z=2.19m/kg'? (t=137ms): On the surface affected by the explosion, the wall that was exposed has experienced
two types of cracks. Firstly, there are vertical cracks located at the middle part of the wall that extend throughout its
entire thickness. These cracks are caused by rotation and are also present near the joints where the wall connects with
the monolithic bracing transverse walls. In addition, there exist cracks running parallel to the ground at the lower level.
The illustration in Figure 5 displays the fringe levels that serve as indicators of the wall's damage severity. A fringe
level of 0.0 signifies no damage, whereas a level of 0.98 signifies substantial damage, resulting in a notable decrease
in the masonry's strength and rigidity. As for the material itself, softening behavior begins when the fringe level
reaches approximately 0.49. Furthermore, there is a significant issue with the connection between the mortar and brick
in the uppermost layer, causing a substantial transverse displacement of 70.28mm. In addition, vertical cracks have
appeared in the supporting walls where the upper portion of the wall widens. These cracks extend down to the sixth
course and taper off as they progress, as shown in Figure 5. Additionally, diagonal cracks have appeared in the
transverse walls near the ground. On the back face of the exposed wall, numerous vertical cracks with greater width
at the top have formed, reaching almost halfway up the wall, as depicted in Figure 5. The wall system has experienced
significant damage, measured as a DDE (Damage Degree Equivalent) of 336.78J, and a maximum transverse
permanent displacement of 58.34mm at the midpoint of the exposed wall near its upper section, as outlined in Table
1. It is important to note that the workmanship and construction quality of the tested walls, as examined by [33], raise
concerns and may explain their poor performance. These damages observed in the URM braced wall align closely
with the findings reported by Ref. [33] in their experimental study, as illustrated in Figure 5 to Figure 7.
Monolithic transverse walls serve as shear walls, offering structural support for the exposed masonry braced wall. As
a result of the blast, these walls experience both in-plane and transverse displacements. The average maximum in-
plane displacement is measured at 10.57mm, while the average maximum transverse displacement is recorded at
12.33mm (refer to Figure 8 and Figure 9). Furthermore, the masonry braced wall that is exposed experiences upward
displacement, with the most significant displacement observed at the center of the wall and gradually decreasing
towards the junctions of the wall (refer to Figure 10). This is due to the cohesive nature of the two walls at the
intersection. The occurrence of localized shear failure is identified by the presence of a peak shear stress of 2.88MPa,
which is observed at the midpoint of the interface between the mortar and brick in the stretcher course of the upper
two-thirds section of the exposed braced wall. In contrast, the transverse walls undergo a peak shear stress of 1.44MPa
at the central point of their mid-height level. These findings are presented in Table 2 and Figure 10. Additionally, on
the backside, the exposed wall encounters a maximum shear stress of 2.88MPa at its junctions with the bracing walls,
as depicted in Figure 11. The stress distribution on the front and back surfaces of the exposed wall can be observed in
Figure 12 and Figure 13, respectively. IS 1905 [54] and SP 20 [55] have set limitations on the maximum allowable
values of compressive, tensile, and shear stresses for brick masonry structures, which are 1.10 MPa, 0.07 MPa, and
0.50 MPa, respectively. On the other hand, the AS 3700 has specified maximum limits of 0.20 MPa for tensile stress
and 0.35 MPa for shear stress [56].
For Z=1.83m/kg!”® (t=152ms): The three walls experience a catastrophic collapse, with significant displacement
(equal to or greater than 230mm, which is the thickness of the walls) in their horizontal directions. This collapse is
caused by the peak pressure from the blast, which reflects and reaches 1.01MPa, at a scaled distance of 1.83m/kgl1/3
(as shown in Figure 7). Despite this collapse, a few courses of the bottom part of the walls manage to survive due to
the forces of gravity and friction. However, the push exerted on these walls by the blast loading, combined with the
reactive thrust from the far ends of the bracing wall, causes the walls to respond by opening outward, ultimately
leading to their collapse.

e Performance of wall W2

For Z=2.19m/kg"” (t=137ms): Wide vertical cracks have been observed near the upper portion of the visible wall
along the supported edges, extending up to the 6th course on the side facing the explosion. Furthermore, a few cracks
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have also extended towards the lower part of the wall (Figure 14(b)). On the rear side of the visible wall (W2), a
prominent and wide vertical crack has been identified at the mid-span, accompanied by additional vertical cracks on
either side. These cracks are further compounded by horizontal cracks in successive layers of mortar at mid-height of
the wall (Figure 14). The non-monolithic transverse walls also exhibit vertical cracks near their supporting vertical
edges (Figure 14). Upon comparing the damage sustained by wall W2 with that of wall W1 under the same blast
loading conditions (0.38MPa), it is evident that the exposed wall W2 and its non-monolithic bracing walls have
suffered more severe damage than wall W1 (Figure 14).

The severity of the damage to the bracing walls is reflected in the non-monolithic character of the walls. The response
of the exposed wall governs this, resulting in an increase of 9% and 25% in the maximum transverse displacement
and damage (DDE) of the non-monolithic wall system (W2) compared to the monolithic wall system (W1), as shown
in Table 1. In the non-monolithic bracing walls, the average maximum in-plane and transverse displacements become
significant, measuring 37.34mm and 95.97mm respectively, compared to 10.57mm and 12.33mm in the monolithic
bracing walls, as depicted in Figure 7 and Figure 8. The transverse walls' top three courses, near the supporting edges,
experience a significant upheaval with a maximum displacement of 23.17mm, as shown in Figure 9. The exposed wall
of wall system W2 exhibits large transverse displacement and end rotation, causing an eccentric push on the non-
monolithic transverse walls. This, in turn, results in substantial out-of-plane inward displacements and ultimately leads
to the collapse of the top courses of the transverse walls near the supporting vertical edges, as depicted in Figure 7.
The brick-mortar interface of the exposed wall and its non-monolithic buttressing transverse walls (W2) experiences
higher Von-mises shear and principal compressive stresses compared to the stresses in wall system W1, as illustrated
in Table 2 and Figure 10 to Figure 13.

For Z=1.83m/kg'? (t=152ms): The non-monolithic wall system W2, including the exposed masonry wall and
transverse walls, experienced significant transverse displacement, ultimately resulting in a complete collapse due to
the reflected peak pressure of 1.01MPa at 1.83m/kg1/3. This can be observed in Figure 7 and Table 1. The sudden and
substantial displacement, coupled with rotation along the vertical ends and an eccentric push, caused the transverse
walls to inwardly displace to a large extent, leading to their near simultaneous collapse as depicted in Figure 14.

e Performance of wall W3

For Z=2.19m/kg'? (t=137ms): On the surface where the explosion occurred, there are wide cracks that run through
the thickness of the wall, specifically along the vertical mortar joints in the middle, near the middle height, and near
the edges of the wall. The presence of these cracks is clearly visible in Figure 14. Furthermore, there are also flexure
cracks observed along the horizontal mortar joints located at the lower part of the wall. Shear failure happens at the
interface between the stretcher course and the horizontal joint mortar near the middle height level, as shown in Figure
14. On the opposite side of the wall, there are horizontal cracks located in the middle of about three-fourths of the
wall's length, appearing in the mid-height region (Figure 14). The bricks at the top corners and the adjacent bricks of
the topmost layer become almost completely detached due to the failure of the joint mortar. This leads to a significant
upward displacement of 99.69mm and a transverse displacement of 81.19mm, as observed in Figure 9 and Figure 7.
The free-standing Wall W3 is subjected to significant damage when exposed to the same reflected blast pressure of
0.38MPa, as illustrated in Figure 14. On the other hand, the damage observed in Wall system W1 is less severe due to
its monolithic nature and the presence of transverse bracing walls, as shown in Figure 14. Although the exposed wall
of W2 experiences more damage compared to W1, it still does not reach the level of damage sustained by the free-
standing Wall W3, as depicted in Figure 14. The exposed wall of W3 exhibits a 23% increase in maximum transverse
displacement and a 16% increase in damage (DDE) compared to the monolithic wall system, W1, as shown in Table
1. Additionally, the displacement of the exposed wall, W3, is found to be 23% higher than that of W2, as indicated in
Table 1. This can be attributed to the damage incurred by the non-monolithic transverse bracing walls. Table 2 and
Figure 10 emphasize the occurrence of the highest Von-mises shear stress, measuring 3.52MPa. This stress is found
at the interface between the vertical joint mortar and brick, specifically near the mid-height region and at the middle
of wall W3.

For Z=1.83m/kg"? (t=152ms): In the event of a significant horizontal displacement occurring in the joint mortar layer
near the base of a free-standing exposed wall, there is a high risk of the wall collapsing entirely. This can be observed
in Table 1 and Figure 14.

6. Conclusions

In this study, a highly detailed three-dimensional micro-model of a clay brick masonry wall, reinforced with two solid
transverse bracing walls (referred to as W1), one on each end, has been created using the Abaqus commercial software.
The main goal of this study is to examine how the wall reacts when exposed to blast loads that are directed away from
its plane. To accomplish this, a plasticity-based constitutive model for masonry and an explicit solver for blast
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simulations, both available in the Abaqus code, have been utilized. The results obtained from the software simulations
closely align with the experimental findings conducted by [33]. This validation process ensures the accuracy and
reliability of the developed model. With the validated model in place, the study delves into two primary investigations:
(1) analyzing the impact of monolithic and non-monolithic transverse bracing walls on the performance of the exposed
wall under out-of-plane blast loads, and (ii) assessing the significance of the monolithic connection between the
exposed wall and transverse walls. To address these objectives, two additional wall models have been created: (1)
W2, which represents an exposed braced wall with non-monolithic transverse bracing walls, and (2) W3, a free-
standing exposed wall without any transverse walls. Through comprehensive analysis and comparison of these
different models, several conclusions have been drawn.

e The level of damage in wall system W1 is relatively less severe (DDE=336.78]J) due to the presence of monolith
joints and transverse bracing walls. On the other hand, the exposed wall of W2 has experienced greater damage
with a DDE of 420.98] compared to the exposed wall of W1, but it is still not as severe as the damage observed
in the free-standing wall W3 (DDE=390.66J).

e The existence of non-monolithic connections between the visible wall and the transverse bracing walls suggests
a higher probability of damage to the bracing walls. This damage is primarily influenced by the response of the
exposed wall. Therefore, it is crucial to prioritize strengthening the exposed out-of-plane masonry wall in order
to mitigate the potential threat posed by explosions. This approach allows for a more effective safeguarding of
the overall structure.

e To mitigate the risk of significant injuries and casualties caused by large displacements at the top courses of brick
walls, it is crucial to implement appropriate strengthening techniques. The presence of weak mortar and the free-
boundary condition contribute to material loss and potential structural failure. To address this issue, reinforcing
the wall with concrete bands or introducing pre-compression can effectively restrain displacements and control
damage. By employing these measures, the structural integrity of the wall can be enhanced, reducing the
likelihood of dangerous incidents.

e The connections where exposed and bracing walls meet experience a more intricate stress condition, making them
crucial for managing overall damage caused by blast loading. To mitigate failure, it is necessary to enhance the
ductility of these wall junctions by incorporating specific forms of reinforcement on the wall surfaces.

e In the realm of masonry structures, the effectiveness and caliber of construction hold utmost significance when it
comes to their ability to withstand blast loading.
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