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Abstract

Architects consider the brickwork patterns vital for the aesthetics of the
walls. The different brick bonding patterns can influence the resistance of
masonry walls when subject to in-plane and out-of-plane loading. This study
investigates the effect of different bonding patterns under a blast load of
50 kg TNT at a standoff distance of 20 m. Advanced non-linear finite element
models were adopted, considering unilateral contact-friction and continuum
damage mechanics laws, to capture different failure types. The adoption of
a simplified micro-modelling approach provided meaningful results on the
behaviour of the wall. The in-plane and out-of-plane response of walls with
different bonding patterns was investigated and comparisons were made.
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This study concluded that the stack bond has a weaker binding pattern than
other widely used bonds like English bond and Stretcher bond due to the
lack of interlocking between the masonry units. Shear failure and vertical
cracking were seen as the typical failures in all the three walls, with the stack
bond depicting higher deflections under both in-plane and blast loading.

Keywords: Blast, masonry, mortar, in plane, out of plane, brick patterns.

1 Introduction

The orientation of bricks in masonry wall construction is regarded as one
of the aspects that architects consider vital for the aesthetics of the walls.
In Debnath et al. [1], it was investigated how unreinforced masonry (URM)
wall components function under lateral or typical seismic loads with each of
the four types of brick bonds: Header bond, Stretcher bond, English bond,
and Flemish link. In Shrestha et al. [2], it was concluded that the URM
walls made with English and Flemish bonds show almost 1.2 times the load-
carrying capacity exhibited by the walls made by Header and Stretcher bonds.
The study presented in Bacigalupo et al. [3] assessed the in-plane behaviour
of Header, Stretcher, and English bonds using parametric micro-modelling.
The conclusions from this study were that the header bond portrayed higher
lateral capacity together with equal shear capacity as that of English bond.
In Shah et al. [4], tensile-compressive loads were applied to masonry walls
leading to the following fundamental distinctions: the herringbone pattern’s
tensile strength attributes seem to be significantly higher than the comparable
strength of its constituent parts.

Thango et al. [5] studied the failure response of masonry walls subjected
to blast loading using nonlinear finite element analysis. This study considered
the stretcher bond pattern. Explosive weights of 100 kg TNT, 200 kg TNT
and 1150 kg TNT were considered with the varying standoff distances which
included distances such as 20 m, 50 m, and 100 m. This study highlighted the
effect of the standoff distances and blast weight on the damage intensity, the
closer the explosive, the higher the damage intensity.

According to Elmenshawi et al. [6] it is necessary to characterize the
mechanical properties of masonry, such as strength and stiffness, to compre-
hend how it behaves as a structural material. The stress-strain relationship is
often defined or expressed by the material constitutive law that is defined over
the range of applicability of the material being considered. In the modelling
approach herein proposed, the masonry units are taken as continuum elements
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and mortar joints as interface elements. Zero tensile resistance between the
joints was introduced (Mortar properties were not introduced or defined).

According to D’ Altr et al. [7], Pasquantoniog et al. [8] and Stankowski
et al. [9] each mortar layer is continuously linked to a brick and separated
by an interface from other bricks. Weyler et al. [10] highlights that the in the
zero-thickness interfaces between the Representative Elements, the contact
penalty approach is used. Conventional point-against-surface contact method
is considered. In such modelling, the penalty stiffness is assumed to keep
insignificant the penetration of the elements and to pledge good convergence
rates of simulations. For the 3D model, a rigid infinitely resistant behaviour
for bricks was assumed, whereas for joints a Mohr-Coulomb failure criterion
with the same tensile strength and friction angle used in the homogenized
approach for joints was adopted. Eight-noded (hexahedron) brick elements
were utilized both for joints and bricks, with a double row of elements along
wall thickness.

However, the influence of brick patterns has not yet been thoroughly
investigated. In the present paper, the static and dynamic behaviour of
masonry wall with different types of brick bonding is investigated compu-
tationally. The wall is analysed using both in-plane and out of plane loading,
and one of the out of plane loading considered in this case is blast loading.
Blasting can arise from various activities including mining activities that
involves breaking of rocks. Blasting is a crucial aspect of mining operations
that involves the use of explosives to break down hard rock formations and
access valuable minerals. Explosions and bombing scenes also put residential
houses at risk of damage.

Finite element analysis was adopted in this study to model different brick
bonding patterns and boundary conditions. Non-uniform blast loads were
considered. Changes in displacement time histories and plastic hinge forma-
tions resulting from varying the axial load were examined. The breakdown
of brick-mortar bonding, which introduces planes of weakness, is typically
a major factor in the mechanical behaviour of masonry buildings that are on
the verge of collapsing [11]. Accordingly, in this paper nonlinear numerical
analyses were performed for progressive collapse assessment. The walls with
different bonding patterns were compared. Prior to conducting the numer-
ical assessment, literature review was conducted to ascertain the available
knowledge on this topic and address the research gap. This paper is organized
as follows; in Section 2 of this article, an introduction to blast actions and
the concept of the study are briefly discussed. In Section 3, the constitutive
descriptions of the article and potential failure modes are presented. Section 4
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provides the details of the proposed finite element model. Validation of
the model is presented in Section 5. In Section 6, results and discussions
are provided. Lastly, in Section 7, the conclusions of this investigation are
presented.

2 Introduction to Blast Actions and the Concept of the
Study

2.1 The Blast Action

Explosion is defined as a large-scale, quick, and unexpected discharge of
energy. Depending on their nature, explosions can be classified as physical,
nuclear, or chemical phenomena [12]. A general rule of explosives is that the
detonation of the explosives results in a high-velocity shock wave and a great
release of gas. This high-velocity shock and gas release has over the years
been causing damages to neighbouring structures or even fatalities. With
specific reference to buildings, the air-blast shock wave is the main mode
that explosions cause damage.

Blast loads are produced by detonation of explosive materials. Detonation
is a chemical reaction that propagates through the explosive material at super-
sonic speed and converts the material into pressure gas. Due to this process,
a pressure wave is developed and travels in all the directions, generating a
push-pull action on air. This gas pressure, also known as detonation pressure,
propagates like a shock wave, and affects the surrounding structures. The
demonstration of the blast loading on structures is shown in Figure 1.

2.2 Model Description

Aim of this study is to evaluate the structural response of masonry walls
with different brick bonding patterns under static and dynamic, blast actions.
An advanced non-linear finite element model is developed using commercial
finite element analysis software (ABAQUYS), to evaluate the response of the
masonry walls shown in Figure 2 under in-plane and out of plane, blast
actions. The model considers material non-linearity in the form of a concrete
damage plasticity law, to capture the compressive and tensile failure on
the masonry units. In addition, unilateral contact and friction interfaces are
introduced between the masonry units, to depict potential failure in the form
of opening and sliding between the units.
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Figure 1 Blast pressure and loads on a structure [13].
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Figure 2 Different brick bond patterns: (a) stretcher bond; (b) English bond; (c¢) stack bond.

It is noted that in the framework of the non-smooth contact mechanics
law which is considered in the proposed finite element model, a simplified
representation of the mortar joint as a zero-thickness interface was adopted.
The assumption of a mortar joint as a zero-thickness interface is a simpli-
fication useful in modelling the behaviour of masonry structures [14]. In
reality, mortar joints have a measurable thickness, typically on the order of
a few millimetres. However, when analysing the response of a masonry wall
under external loads, modelling the mortar joints as zero-thickness interfaces
can simplify the analysis and provide reasonable results. This is because the
mortar joint has a significantly lower strength compared to the masonry units,
and therefore, the joint’s thickness is often negligible in terms of the structural
response of the masonry structure.
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Figure 3 Modelling techniques for masonry structures (a) detailed micro-modelling, (b)
simplified micro-modelling, (c) macro-modelling [15].
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3 Non-linear Constitutive Descriptions

In this section, the constitutive descriptions which have been adopted in the
study, namely, the contact and damage mechanics laws, are provided.

3.1 Modelling Approach

Finite element method of analysis is an advanced method which is commonly
applied to solve complex structural analysis problems that include among oth-
ers, blast actions. According to Lourenco [15], modelling masonry structures
can be grouped into two classes: Micro-modelling and macro-modelling. As
can be seen in figure 3, in micro-modelling (detailed), continuum components
are used to represent the brick unit and mortar, while interface elements are
used to depict the unit-mortar interaction. In the simplified micro-modelling
approach, brick units are modelled as continuum elements and the unit-mortar
interfaces are grouped and modelled with the interface elements.

According to Lourenco et al. [16], the macro-modelling distinction
between brick/stone units and mortar joints is treated as one unit. The consid-
eration of brick and mortar as one homogeneous material tends to make the
macro-modelling techniques more suitable for practical use as the computer
resource required is less when compared with micro-modelling techniques.
As discussed by Braimah [17], the macro-modelling technique is not able to
offer information on failure mechanism, which most often is not needed in
the analysis. This is further stated by Komiircii and Gedikli [18], by using
the macro modelling approach, the detailed failure mechanisms are generally
not well reproduced. Recent advances in homogenization that incorporates
XFEM could enhance the effectiveness of macro-modelling in this respect,
see Drosopoulos and Stavroulakis [19].
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Figure 4 Schematic representation of the contact conditions between two masonry units.

3.2 Contact Mechanics Constitutive Description

To develop informative numerical models and investigate the structural
behaviour of the masonry wall, material properties obtained from published
literature have been used. A continuum model is adopted to define the damage
mechanics laws, which are used to simulate the nonlinear material behaviour
of the masonry and mortar, focusing on tensile and compressive damage.
The interfaces between the masonry units are given a unilateral contact and
friction constitutive description for the evaluation of failure that results from
these interfaces. Assuming u to be the single degree of freedom of two units
in contact, g the initial opening and ¢ the equivalent contact pressure during
contact, the unilateral contact conditions are expressed by relations (1)—(3).
Inequality (1) represents the non-penetration condition, inequality (2) speci-
fies that only compressive stresses (™) can be developed in the interfaces, and
Equation (3) represents the complementarity relation, which states that either
contact occurs (u — g = 0) with non-zero compressive stress, or separation
takes place with zero compressive stress. A schematic representation of the
contact conditions between two masonry units is presented in Figure 4.

h=u-g<0=h<0 (1)
—t" >0 (2)
t"(u—g)=0 3)

A static form of Coulomb’s friction law is taken into consideration to
capture the response in the tangential direction of the interfaces. According to
Equation (4), sliding in the interfaces begins when the shear stress # reaches
the critical value T,., which is provided in respect to the friction coefficient
1 and the normal stress t" in the interface.

th = Ter = iﬂ|tn| 4)
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3.3 Damage Mechanics Material Law

In this study, a concrete damage plasticity (CDP) law is used to represent
tensile and compressive damage on bricks, under loading and unloading
conditions. Additionally, this law is based on the incremental plasticity theory
and is rate independent.

In the case of a masonry wall, the concrete damage plasticity model may
be used to predict the behaviour of the wall under various loading conditions,
such as blast or seismic loads [20]. The CDP model utilizes a yield function
as mentioned in Lubliner et al. [21] and Lee et al. [22].

Withing this framework, damage of a solid body can be defined as
degradation phenomenon in material properties such as stiffness and strength.
According to [23], if the damage is defined by stiffness degradation, the
elastic stiffness (C) can be written using the stiffness degradation parameter.

C=(1-d)Cy 4)

In Equation (5) d denotes the degradation and Cy denotes the initial
stiffness matrix.

The above equation can be rewritten in terms of the Young’s modulus
as Equation (6). The concrete damaged plasticity model assumes that the
reduction of the elastic modulus is given in terms of a scalar degradation

variable d as
E=(1-d)Ey (6)

Where Ej represents the Young’s elasticity modulus initial value.

According to the existence of irreversible deformation/plastic strain,
stiffness degradation models may be divided into two categories: elastic
degradation models and plastic degradation models [24]. It is worth men-
tioning that if no damage is considered in the body (d = 0), the following
equation is adopted:

o= Ey(e — eP) (7)

where o, €, and eP' represent, respectively, the stress, total strain, and plastic
strain.

Furthermore, Lee et al. [22] developed an equation that defines the yield
function of the concrete damage plasticity model as the following:

l—«

F@.k) = <azl+ \/gusu +ﬁ<k><am>> —co(k) <0 (®)

Where:
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Figure 5 Dependence of stress on total strain for: (a) compression and (b) tension [25].

Table 1 Mechanical properties of the masonry unit [26]

Plasticity Parameter Value
Dilation angle 30
Eccentricity parameter 0.1
Bi- and unidirectional compressive strength ratio  1.16
Stress ratio in tensile meridian 0.67
Viscosity parameter 0.001

cc(k) = (7, k) is the material cohesion,

I is the first stress tensor invariant,
IS~|| = V.S : S is the stress tensor deviator norm,
S = & — o, 1 is the deviator of effective stress,

Om = %tr? is the mean effective stress,
O maz 15 the algebraic maximum of eigenvalues of effective stress tensor

From the above Equation (8), the effective stress — total strain dependence
for tension and compression is shown in Figure 5.
The material properties for the stones and mortar used for this investiga-

tion are presented in Table 1.

The material properties for masonry unit that was adopted for this study
included the modulus of Elasticity of 15500 Mpa, Poisson’s ratio of 0.15,
tensile strength of 1.05 Mpa and the compressive strength of 10.5 Mpa.

By adopting the constitutive descriptions provided above, the basic failure
modes that are shown in Figure 6 can be taken into account by the proposed
finite element model, as also depicted in [12].
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Figure 6 Basic failure modes in masonry as part of the modelling strategy. (a) Joint tensile
cracking; (b) Cracking on unit in direct tension (c) Joint slip failure; (d) Unit diagonal tension
cracking; (e) Masonry crushing [27].

4 The Proposed Finite Element Analysis Model

To capture the failure response of the walls shown in Figure 2, non-linear
finite element models were developed using commercial finite element soft-
ware (ABAQUS). At the top of the wall, a rigid (concrete) beam was attached.
The different material properties used to model the masonry are listed in
Table 1.

The masonry walls were meshed using 8-noded, hexahedral, linear brick
finite elements. The mesh size used for both brick and concrete beam was
30 mm as shown in Figure 7(d). An explicit dynamic analysis was used to
capture the effect of blast loading. Within this consideration, quite small
time steps are considered, which makes the explicit dynamic simulation
appropriate for blast actions with pretty small duration.

To simulate the blast load, two reference points were assigned depending
on standoff distance from the site of reaction. The surface blast load was then
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Figure 7 Numerical Model of Masonry wall in ABAQUS: (a) English bond; (b) Stretcher
bond; (c) Stack bond; (d) mesh of the model.

created using the CONWEP model as defined in ABAQUS. This model has
been implemented to simulate the air blast load, and it assumes a spherical
charge detonated in free air. For the out-of-plane response, the wall was fixed
on all four sides while in the in-plane investigation the wall was fixed only at
the base. The numerical analysis was carried out using an explosive weight
of 50 kg TNT at 20 m. Figure 7 shows the wall patterns used in this study.

The brick sizes that were used to develop the model were standard
concrete brick size of 222 mm (L) x 106 mm (W) x 73 mm (H). The
modelled wall is 1110 mm wide and 1268 mm high including a beam of
100 mm deep which is considered at the top of the wall.

5 Verification of the Model

The proposed model is validated using published literature for both in-
plane and out-plane failure. As part of the novelty of this study, comparison
of the response obtained from various brick bonding types will be made
with reference to out-of-plane actions due to blast loading. The proposed
model is validated using published results by other researchers on numerical
and experimental studies. In addition, a mesh convergence investigation is
conducted.

5.1 In-plane Response

The verification of the proposed model was implemented using the failure
mode from the experiment conducted by Vermeltfoort and Raijmakers [28].
In the experiment, a wall size of 990 mm x 1000 mm, with 18 layers of
solid clay bricks (dimensions 204 x 98 x 50 mm) has been investigated.
Furthermore, the tests considered vertical pre-compression pressure and a
horizontal displacement loading as shown in Figure 8.
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Figure 9 Comparison of failure modes of a masonry wall: (a) Experimental failure pattern;
(b) failure pattern from numerical model (scale factor = 20).

In the results presented in Figure 9(a), cracking at the bottom and top of
the masonry wall indicated the beginning of the wall’s failure mechanism.
Following the appearance of a diagonal shear fracture and an increase in
lateral displacement, the structure collapsed. The failure mechanism is shown
in Figure 9 which is compared with the failure pattern obtained from the
numerical model developed in this study.

As seen in Figure 9, the damage initiation and formation obtained from
the numerical model is in close agreement with experimental model which
there validates the model. Figure 10 shows the damage patterns on the
building caused by in-plane loading, noting that the direction of cracking
follows that of the experimental model and numerical model.
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Figure 11 (a) out-of-plane response due to blast loading [28]; (b) out of plane response due
to blast by [29]; (c) proposed model.

5.2 Out-of-plane Response

A running bond masonry wall subjected to a distributed blast pressure was
investigated by Milani et al. [29], as shown in Figure 11(a). A 3-side con-
straint approach was used with the top position taken as free. Bricks in the
3D model used for validation were considered to have a stiff, infinite resistant
behaviour, while joints were subjected to the same Mohr-Coulomb failure
criterion with the same tensile strength and friction angle as joints in the
homogenised method.

Figure 11(b) depicts the deformation shape of a masonry wall subjected
to 58.8 kg TNT at a standoff distance of 5.5 m from a study conducted by
Zhang et al. [30]. This study is comparable to the results obtained in this
work as can be seen in Figure 11(c), where there is excessive deflection at
the centre portion of the wall. Figure 12 shows the wall that was studied by
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Figure 12 Simulation of the response to a surface blast due to a TNT explosive weight
W =200 kg, located at 41 m from blasting source [31].

Table 2 Mesh convergence study

Element Size (mm) Element Count Deflection (m)

100 171 8.53E-05
80 241 9.29E-05
50 728 1.47E-04
25 9248 1.18E-04

Hao [31] who considered a 2880 mm wide x 2820 mm high wall which was
fixed on all four sides.

At the distance of 41 m, the study presented in [31] highlighted that the
wall undergoes extensive damage but does not collapse. As expected, this
study further highlighted that the increase in blast weight at the standoff
distance of 41 m leads to much higher deflection. The above comparison
of the failure mode/pattern validates the proposed model as the wall’s failure
patterns are all in good agreement.

Next, a mesh convergence analysis on the finite element model proposed
in this article is conducted. A model with the stretcher bond wall is generated,
and different values of the mesh size are chosen. A comparison of the output
(deflection at the centre of the wall) for different mesh sizes was conducted
and the optimal size with satisfactory accuracy and computational efficiency
was selected. The results of the mesh convergence test are shown in Figure 13
and Table 2. The corresponding simulations were conducted using a blast load
of 30 Kg TNT at a standoff distance of 20 m.

Based on the above investigation of the effect of mesh size, a three-
dimensional, eight-node linear brick elements are used, with the element side
equal to 30 mm. It is noted that according to the diagram shown in Figure 13,
a further reduction of the mesh size was found to be computational expensive
and not yielding significantly different results.
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Figure 13 Correlation between mesh size and deflection value at the centre of the wall for a
blast load of 30 Kg TNT at a standoff distance of 20 m.

6 Results

6.1 In Plane Response of Wall

The numerical analysis was performed on the wall with the pre-compression
load of 0.25 Mpa and horizontal displacement of 20 mm that was applied
on the concrete beam. The results for the three brick patterns are discussed
below.

The above figures show the opening of joints in the vertical direction. The
non-linear behaviour of the stack bond wall is observed by initiation of cracks
from the bottom and widen towards the upper part of the wall.

When compared with the stack bond, the stretcher bond wall has less
deflection value. This brick pattern shows the diagonal cracking which is
one of the expected modes of failure for walls that are subjected to in-plane
loading. The tensile cracking leads to the diagonal stair-case crack.

The above results showed some similarity in terms of the mode of failure.
Diagonal cracking in a form of stair-case crack shape was observed on
the English bond and Stretcher Bond. On the other hand, the stacker bond
depicted de-attachment of joints in the vertical direction. All three walls
depicted higher concentration of von-Mises stresses at the bottom corner of
the wall. The comparison of wall’s resistance is summarised on the graph
below.
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Figure 14 (a) In-plane maximum Von-Mises stresses (S, Mises); (b) In-plane deflection of
stack bond wall.
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Figure 15 (a) In-plane maximum Von-Mises stresses (S, Mises); (b) In-plane deflection of
stretcher bond wall (scale factor = 20).

From Figure 17, it can be observed that the English bond produced higher

resisting forces when compared with the other two walls, mainly at the level
of maximum displacements.

6.2 Out of Plane Results

This section discusses the results from the application of blast loading consid-
ering an explosive weight of 50 kg TNT at a standoff distance of 20 m. The
results from the three different walls are herein compared. The behaviour
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Figure 16 (a) In-plane maximum Von-Mises stresses (S, Mises); (b) In-plane deflection of
english bond wall (scale factor = 20).
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Figure 17 Comparison of resistance of wall against lateral displacement loading.

of the masonry wall in terms of Von-Mises stresses, defection concrete
damage (tension and compression) is discussed in this section. The concrete
damage plasticity model as discussed in Section 3, was able to produce the
compression and tensile damage of the wall. Relevant results are presented in
Figures 18-20.

The English bond experiences minimal compression damage. Tension
damage is observed under this bond type at the boundary positions and on



46  Sipho Gcinangaye Thango et al.

Q

(2) (b) ()

Figure 18 (a) Displacement of the English-bond wall at the end of the simulation (m),
(b) Maximum Von-Mises stresses (S, Mises), (c¢) tensile damage variable distribution. (Scale
factor = 30).
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Figure 19 (a) Displacement of the Stretcher Bond wall at the end of the simulation (m),
(b) Maximum Von-Mises stresses (S, Mises), (c¢) tensile damage variable distribution. (Scale
factor = 30).

some of the middle brick units. The deflection of the wall as expected is
higher at the center of the wall.

From an architectural point of view, stack bond can have a beautiful
appearance, but it is typically seen to have a weaker binding pattern than
other widely used bonds like English bond and stretcher bond. As can be
seen in Figure 20(a), the first column/courses of bricks separate from the
neighboring bricks and it is worth noting that the vertical joints are easily
prone to separation when subjected to lateral stresses, such as blast loads,
which compromises structural integrity. Vertical cracking also happens. Stack
bond masonry walls are vulnerable to vertical cracking at the vertical mortar
joints because they lack horizontal support.
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Figure 20 (a) Displacement of the Stack Bond wall at the end of the simulation (m),
(b) Maximum Von-Mises stresses (S, Mises) (c) compressive damage variable and (d) Maxi-
mum tension damage. (Scale factor = 30).
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Figure 21 Deflection vs time for blast weight of 50 kg TNT.

From the above results, it can be highlighted that the masonry head
joint played a role in the out of plane response. It can be concluded that
the English bond and stretcher bond have similar failure margins. The de-
attachment of bricks in the vertical direction in the stack bond displayed a
failure pattern that would be expected when there is a vertical expansion joint
on the wall. Additionally, the location and magnitude of maximum von Mises
stress amongst the three walls were within similar ranges and with all walls
depicting maximum out of plane in the middle section of the wall.

From Figure 20, it can be seen that the tension and compression damage
for stack bond is much higher than the other two walls (stretcher bond and
English bond). The displacement observed on the stack bond proves the
importance of brick reinforcement in masonry wall.

The deflection of the three walls is summarized in Figure 21, and as
discussed above, the de-attachment of bricks (second column) from the fixed
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sides initiated a much higher relative displacement on the stack bond when
compared with the other two walls.

The comparison below shows that the stack bond has slightly higher out
of plane displacement when compared to the other two bonding patterns. In
practice, the bedding reinforcement in the case of stack bond is crucial when
used a structural/load bearing wall. The deformation due to blast load occurs
within a short duration of time as can be observed in Figure 21.

7 Conclusions

This study concluded that there is a slight difference in the peak displacement
at the center of the wall for the English and stretcher bond. Under these two
bonding patterns, when the blast load is lower it results in a lower wall center
displacement. The stack bond on the under hand displayed higher deflection
values under both in plane and out-of-plane loading. The research results
in this paper highlighted that the stack bond arrangement has the vertical
joints are easily prone to separation when subjected to lateral stresses, such
as blast loads, which compromises structural integrity. Also, Stack bond
masonry walls are susceptible to vertical cracking at the vertical mortar joints
because they lack horizontal support. The different brick patterns play a role
in the blast resistance of the wall. This research work was able to highlight
the importance of understanding the effect of different bonding patterns for
structural walls.
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