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,is research intends to numerically study the out-of-plane behaviour of confined dry-stacked masonry (CDSM) walls against
blast loading. CDSM is a mortarless interlocking masonry system consisting of Hydraform blocks laid in stretcher bond with
reinforced concrete (RC) confining elements. A nonlinear numerical model is developed using advanced finite element hydrocode
ANSYS-Autodyn to study the response of CDSMwalls subjected to explosive loads. Four different test cases using a charge weight
of 4 kg, 8 kg, 12 kg, and 16 kg ofWabox explosive are investigated numerically.,e results obtained from numerical simulation are
validated with the experimental tests results.,e numerical results are found in good agreement with the experimental results.,e
ability of the numerical model is studied to correctly predict the pressure-time history in pressure gauges installed on walls and
compared with experimental data. Peak incident overpressures obtained in these numerical tests ranged from 240 to 1000 kPa.
Likewise, the damage patterns obtained from the numerical simulations are compared with available experimental results which
show a satisfactory agreement.,is study helps to check the response of CDSM structures against blast load which can be used for
the construction of blast resisting design of buildings.

1. Introduction

Terrorism, after 9/11 in Pakistan, has become a devastating and
extremely harmful phenomenon. ,e human losses are more
than 70,000 and with economic cost of more than $68 billion
[1]. Terrorists mostly hit government lifeline structures such as
educational institutes, healthcare facilities, police and army
installations, and government infrastructures by bomb blasts
which are mainly built from masonry [2]. In these scenarios,
the performance of masonry walls is very critical for the
structural integrity of buildings. It is very challenging to study
experimentally the effects of blast load on structures due to
numerous input parameters, limited financial resources, time
constraints, and safety considerations. ,erefore, the best al-
ternative for such type of costly experiments is an efficient
computer software and codes such as ANSYS-Autodyn [3].

Besides conventional masonry, a new masonry system of
mortarless interlocking blocks, which is also known as dry-
stackmasonry, has recently been introduced in Pakistan.,e
typical shape of dry-stack masonry blocks (Hydraform
blocks) and their masonry assemblage is shown in Figure 1.
If this masonry system is confined by reinforced concrete
(RC) beam and columns, then it is termed as confined dry-
stack masonry (CDSM) system. ,e CDSM system was
found to be more ductile and reliable in strength for lateral
loads [4]. ,e structural strength and integrity of this ma-
sonry system depend on interlocking system of blocks be-
tween masonry units. ,e interlocking mechanism provides
stability, self-alignment, and levelling to the walls. Hydra-
form blocks are manufactured from mixture of soil with at
least 22% clay, 10% sand, and 6.7% cement by weight mixed
using a cement mixer. Approximately, 10% water is added to
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the mixture to achieve the desired consistency for block
pressing and after seven days of curing, it is used in con-
structing walls [5]. ,e construction process in this type of
masonry is simplified and highly economically competitive
due fast track construction and very effective where skilled
labor is expensive and even unavailable. Being a sustainable
building material, it is more energy efficient compared to
traditional clay-bricks which require three times more en-
ergy per square metre (406 kg of CO2 emission) than
Hydraform blocks (119 kg of CO2 emission) [6].

,e numerical modelling of CDSM walls is complex and
computationally expensive. ,e analysis complexity reasons
are modelling of the nonlinear behaviour of an RC confining
frame, modelling of the nonlinear behaviour of a dry-stacked
masonry panel, and modelling the interaction between
frame and masonry [7].

Several researchers in the past have studied the blast load
phenomenon on various structures numerically and ex-
perimentally such as Luccioni et al. [8] who conducted a
numerical study to analyse the structural failure of the
reinforced concrete building under the blast load.,e results
were compared with actual buildings that were damaged in
terrorist attacks. In another study [9], the same researcher
performed numerical analysis of blast load using hydrocodes
and compared the results with empirical models with a good
correlation. ,eobald and Nurick [10] performed numerical
and experimental study to investigate the performance of
tube-core claddings under blast loads. A numerical model
was developed in computer program ABAQUS/Explicit for
numerical simulations which shows satisfactory correlation
with experimental response. ,iagarajan et al. [11] con-
ducted numerical and experimental study to investigate the
performance of doubly reinforced concrete slabs against the
blast loads. ,ey employed the commercial program LS-
DYNA for numerical simulations, and their numerical and
experimental results were matched with a good agreement.
Wu et al. [12] conducted a 3D and 2D numerical study by
using commercial software Autodyn3D for the analysis of
infilled masonry in RC frame structures subjected to ground
excitations induced by blast waves. After comparison of
results, they concluded that 3D analysis captured the real
response of the structures. Ghaderi et al. [13] in 2015 used
ABAQUS as numerical analyses tools to represent unrein-
forced brick masonry walls strengthened with 1.5mm thick
FRP strips fixed in various formations and subjected to a
blast load based on scale-distance parameter. Finally, they

observed more damage to wall as the scale-distance de-
creased. Scaled distance (z) is parameter used for the in-
tensity level of blast load as defined by equation (1),
established by Hopkinson and Cranz [14], which relate
charge weight of equivalent TNT (W) and standoff distance
(R).

z �
R
��
W3

√ . (1)

Alsayed et al. [15] in 2016 carried out blast load tests on
block masonry wall specimen confined by a frame of
reinforced concrete. ,ey conducted five tests of various
charge size and standoff displacements in the field. In
conclusion, they found that the numerical results, obtained
from ANSYS-Autodyn, best matched for the blast load
parameters such as arrival time, peak incident, and peak
reflected overpressures and therefore, the numerical tech-
niques are the valid way to analyse the walls against blast
load. Edri and Yankelevsky [16] in 2018 considered a new
analytical model for the dynamic response in terms of time-
displacement history of one-way arching URM walls under
blast loads. ,eir SDOFmodel predictions have shown good
agreement after comparisons with experimental test results.
Michaloudis and Gebbeken [17] in 2019 presented in their
study a modelling strategy appropriate for masonry walls
subjected to far-field and contact detonations blasts to
capture the local damage and debris formation. ,ey
adopted a derived material model for brick masonry from a
concrete model which was already tested under blast load.
,eir proposed model shows good performance and com-
bines the advantages of fully Lagrangian approaches and
Smoothed Particle Hydrodynamic (SPH) approach. ,e
delivered numerical results of the model were in good
agreement with the result of experimental studies. It is
concluded from abovementioned discussion that most of the
recent research studies have focused on the performance
evaluation of conventional masonry and RC structures while
research on CDSM structures performance against blast load
is limited.

,e aim of this research study is to develop a 3D finite
element model to systematically study the out-of-plane
behaviour of CDSM wall against blast load. A full-scale
CDSM wall was developed in ANSYS-Autodyn and tested
against the blast loads generated fromWabox explosive. ,e
numerical simulations were performed for different test
cases. Finally, the results obtained from numerical analysis

(a) (b)

Figure 1: (a) Hydraform block. (b) Assemblage of dry-stacking Hydraform blocks.
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were compared with the data obtained from experimental
tests conducted by Ullah [18] on the same masonry wall.

2. Description of CDSM Test Wall

,e considered test model in this research is a CDSM wall
shown in Figure 2, which is representative of typical masonry
buildings constructed in Pakistan. ,e CDSM wall tested in
the field by Ullah [18] and the same wall was modelled in the
ANSYS-Autodyn. ,e CDSM wall panel is 7 ft (2.134m) tall,
7 ft (2.134m) wide, 8 inch (200mm) thick confined by
confining elements of 8 inch× 8 inch (200mm× 200m) with
typical 4-#4 (4φ12mm) steel longitudinal reinforcement and
#3 (φ10mm) rings provided at 6 inch (150mm) center-to-
center distance. All the steel rebars used in the wall specimen
are tested and are of 40,000 psi (420MPa) strength. Concrete
cylinder specimens were casted during construction of test
wall and tested for compressive strength after 28 days of
curing. On average, compressive strength of 3000 psi
(20.70MPa) was obtained for ordinary concrete. ,e
Hydraform blocks available in the local market of size 8
inch× 8 inch× 4 inch (200mm× 200mm× 100mm) have
been used to construct wall specimens. ,e gross area
compressive strength of Hydraform block is 1940 psi
(13.25MPa) whereas based on shoulder area it is 1240 psi
(8.50MPa). As the stress transfer in dry-stacking condition is
only through shoulders of the block, masonry prisms tested in
the laboratory by applying load on the shoulders and the
compressive strength of masonry were calculated as 730 psi
(5.00MPa). ,e Elastic Modulus from prism test was cal-
culated as 606,660 psi (4182.77MPa). All the test results are
adopted from the research study of Hafeez [19]. ,e cement
mortar with mix proportion of (1 : 6) has been used in the
construction of starter course of the masonry walls.

3. Description of Testing Setup

Wabox (TNT equivalent� 1.1) explosive is used in this re-
search study for blasting which is a nitroglycerine-based
dynamite manufactured byWANobel PVT Ltd. Rawalpindi,
Pakistan. ,e charge of Wabox explosive is situated 3 ft
(915mm) above the ground at a distance of 12 ft (3.66m)
from the wall as shown in Figure 3. ,ree pressure gauges
G-01, G-02, and G-03 are installed on the windward face of
the wall. ,e pressure gauges are installed to measure the
incident overpressures on the face of the wall.

Four blast tests on the same CDSM wall, namely, blast
tests #1, #2, #3, and #4, with varying charge weight were
conducted in field by Ullah [18] carried out in Risalpure
(Nowshera), Pakistan, and the same tests were modelled in
ANSYS-Autodyn for calibration. In these tests, the wall was
subjected to four blast load tests with increasing level of
intensity and scale-distance parameter has been used for
intensity level measurement; details are listed in Table 1.

4. Material Models for Simulations

ANSYS-Autodyn is a hydrocode which uses fundamental
law of physics such as law of conservation of mass,

momentum, and energy in the form of partial differential
equations (PDEs). ,ese governing PDEs including initial
and boundary conditions are used to predict the response of
the system materials for large deformation in nonlinear
dynamic problem. ,e mathematical relationships between
density, pressure, internal energy, stresses, and strains are
required for this analysis.,ese relationships are equation of
state (EOS), strength constitutive model, and failure criteria
for each material component. ,e following subsections
provide the details of the material models and parameters
used for numerical analysis.

4.1. Material Model for Air. In this study, the strength
models and failure criteria models are not required as it is air
blast and these parameters are usually required in under-
mining blast experiment. ,e following equation of state
(EOS), as given by equation (2), is used for the air as it was
assumed that the surrounded air is an ideal gas.

p � (c − 1)ρe. (2)

Here, p is the pressure, c is the constant of adiabatic
process, which is estimated to be 1.4 for ideal gas, ρ is the
specific mass, and e is the specific internal energy of the air.
,e parameters values of ideal gas EOS are listed in Table 2,
which are adopted from ANSYS-Autodyn material library.

4.2.MaterialModel forWaboxExplosive. ,e Jones-Wilkins-
Lee (JWL) [20] equation of state is formulated for the
modelling of Wabox explosive material. JWL equation of
states correlates chemical properties such as energy, volume,
and pressure of high energy explosive products. ,e JWL
equation of state in mathematical form is given by

p � A 1 −
ω

R1V
 e

R1V
+ B 1 −

ω
R2V

 e
R2V

+
ωe

V
, (3)

where A, B, R1, R2, ω are derived empirical constants which
have different values for different explosive materials, V
define the expansion of the detonating materials, and e is the
specific energy at detonation stage.

,e input parameters values of the JWL equation of state
used for Wabox explosive (TNT equivalent� 1.1) are taken
from Abbas et al. [21] and remaining properties are available
in ANSYS-Autodyn which are summarised in Table 3. In this
study, the Eulerian solver (multimaterial) was employed for
modelling both air and explosive material.

4.3. Material Model for Reinforced Concrete. In this study,
the Riedel–Hiermaier–,oma (RHT) material model of
Riedel et al. [22], implemented in ANSYS-Autodyn, has been
used for reinforced concrete. ,is model is extensively used
for concrete and brittle materials to predict their response
under blast load. In the RHT model for concrete, the two
basic parameters, compressive strength (fc) and tensile
strength (ft) obtained from uniaxially loaded cylinder test,
are required. ,e remaining parameters of concrete are
derived from these parameters. ,e concrete strength in
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Figure 3: Detail of explosive and pressure sensors for field tests. (a) Wabox explosive. (b) Installation of pressure sensors [18]. (c) Geometrical
description of test setup.
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Figure 2: Geometric description of test model wall with dimensions and reinforcement detail of RC confining frame.
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RHT is controlled by three strength failure surfaces: initial
surface also called elastic limit surface, failure surface, and
postfailure surface (residual surface) as shown in Figure 4. In
this model, high tensile strength of concrete has been
adopted to incorporate the tensile strength of mild steel
reinforcement bars based on the study of Luccioni et al. [8].
,erefore, modified properties of reinforced concrete, as
listed in Table 4, have been used.

Based on the hydrostatic behaviour of porous concrete
the RHT model utilizes the p–α equation of state (EOS)
model of Herrmann [23]. EOS is a function that mathe-
matically correlates hydrostatic pressure, specific volume,
and internal energy. ,is equation of state model is adopted
in this research to capture the key global response of the wall.
,e input parameter values, that define the p-α equation of
state, are adopted from ANSYS-Autodyn materials library
which are listed in Table 4.

4.4. Material Model for Dry-Stack Masonry. In numerical
modelling, masonry walls can be modelled using either
micro- or macromodel. Micromodel is distinctive simula-
tion of masonry while macromodel is a homogenized
simulation. In this study, homogenized macromodel is used

for masonry wall to characterize Hydraform blocks and
joints properties [24–28]. ,e use of macromodelling for
masonry substantially optimises the computational time and
cost for simulation. ,erefore, it can be efficiently employed
when microscopic response is not important like in case of
extreme loads [29]. In this study, dry-stack masonry was
modelled as homogenous low-strength concrete as the wall
is constructed from concrete Hydraform blocks. ,e me-
chanical properties of Hydraform blocks and dry-stack
masonry are taken fromHafeez [19] and the remaining input
parameters are adopted from ANSYS-Autodyn material
library which are listed in Table 5.

5. Finite Element Model Parts

,e finite element model was developed in the software
which is composed of CDSMwall and air volume by the wall.
Due to symmetry, only half of the physical air domain and
wall was modelled to reduce the computation costs. ,e
model for CDSM wall is developed with three different
Lagrangian parts, i.e., RC footing, confining elements, and
dry-stack masonry wall. ,e 8-noded hexahedral solid el-
ements of size 50mm have been used in all three Lagrangian
parts. Figure 5 illustrates the finite element meshing grid of
the model, pressure gauge’s location, and detonation. In this
model, a fixed boundary condition was adopted by using
unbreakable connection between the confining frame and
footing, whereas stress-criteria based breakable connections
were assumed between the masonry and confining frame.
,e details of input parameters for breakable connection are
listed in Table 6.

,e surrounded air part of the model was modelled as
Eulerian, ideal gas. A three-dimensional (3D) domain of
cuboid-shaped was created for surrounded air. ,e sizes of
surrounded air domain are 4.22× 2.40× 2.20m.,e element
dimension for air volume is used as 25mm which is an
optimised size based on mesh convergence studies.

6. Erosion Criteria

As per the study carried out by researcher [32, 33], the
elements of the reinforced concrete confining frame were

Table 3: Material model parameter values for Wabox explosive
(equation of state: JWL).

EOS parameter Value
Reference density, ρ (kg/m3) 1.42E+ 3
State variable, A (MPa) 609.7E+ 3
State variable, B (MPa) 12.9E+ 3
State variable, R1 4.5
State variable, R2 1.4
State variable, w 0.2
Velocity of wave, ] (m/s) 8.2E+ 3
Specific energy, e (MJ/m3) 9.0E+3
Initial pressure, p (MPa) 28.0E+ 3

Compressive
Elastic Strength

Residual Surface

Failure Surface

Uniaxial Compression
Uniaxial Tension

Y

fc

ftTension
Elastic Strength

Elastic Limit Surface

P

Figure 4: Failure surfaces of RHT concrete model.

Table 1: Detail of parameters for blast load tests.

Test 1 Test 2 Test 3 Test 4
Wabox charge mass (kg) 4 8 12 16
Standoff distance (m) 3.66 3.66 3.66 3.66
Charge height (m) 0.91 0.91 0.91 0.91
Scaled distance (m/kg1/3) 2.23 1.77 1.55 1.41

Table 2: Material model parameter values for air (equation of state:
ideal gas).

EOS parameter Value
Reference density, ρ (kg/m3) 1.225
Heat capacity ratio, c 1.4
Adiabatic constant 0.0
Pressure shift 0.0
Ref. temp. (K) 288.2
Spec. heat (J/kg K) 717.6
Initial internal energy (kJ/kg) 2.0E+ 5
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permitted to erode from the system when the level of
geometric strain (instantaneous) reaches 0.5. But dry-stack
masonry geometric strain (instantaneous) of 0.02 was as-
sumed as a criterion for the erosion of wall elements. ,ese
erosion models are adopted in ANSYS-Autodyn to avoid
extreme and impractical deformation of mesh or grid system
and also to model the fragmentation of wall parts.

7. Blast Analysis in ANSYS-Autodyn

,e blast load analysis of the CDSM wall in ANSYS-
Autodyn was performed in two phases. ,e first phase,
which is a one-dimension (1D) analysis, simulates the early-
stage time expansion of blast wave in 1D using radial
symmetry. ,is expansion of pressure wave continues until
it hits the reflecting boundary. In the second phase, the
output of the 1D analysis is then transferred to the 3D
domain which is created independently. In this study, the
explosive material is installed at 0.92m above the ground
surface. ,erefore, it is considered as air blast and ground
shocks are ignored due to its negligible effects.

7.1. 1D ANSYS-Autodyn Analysis. In 1D analysis, the ex-
pansion of blast wave, generated after the explosive deto-
nation of material in the surrounding air, was first modelled
and simulated. ,e problem in this stage can be treated as
one-dimensional (1D) due to spherical symmetry, and a

wedge is defined for the problem domain. ,e wedge
geometric dimensions are specified on the basis of mass of
explosive material and standoff distance. ,e finite element
model of the wedge for the blast test of 16 kg Wabox at
3.66m standoff distance is shown in Figure 6. ,e inner
radius of the wedge is kept equal to 1mm to avoid the zero
thickness of the element at the origin. However, when this
correction is employed, it reduces the weight of the explosive
material, but its effect is insignificant due to small percentage
reduction. ,e wedge model is filled with explosive material
and surrounding air. ,e dimension of the elements in
wedge is taken as 2mm for achieving the desired level of
accuracy and less computational time [34].

,e output of this 1D analysis was later remapped in 3D
domain of the model which was developed separately. ,e
3D domain of the model represents the wall with occupied
air volume.,is remapping technique reduces drastically the
computational time and cost of the analysis. Figure 6 shows
the plot of pressure contours at the end of the 1D analysis for
16 kg Wabox at 3.66m standoff distance. ,e 1D blast
analysis was carried out for four different scaled distances
covering different charge weight of blast tests.

7.2. 3D ANSYS-Autodyne Analysis. ,e 1D analyses results
were remapped onto the 3D domain already modelled with
wall and surrounded air, separately. During remapping
process, the center position of explosive charge from wall,
that is, its standoff distance and height from ground, is
defined in the remap dialogue box of ANSYS-Autodyn. In
3D analysis, fully coupled simulation was assumed between
Lagrangian parts and air. ,e pressure waves at the start of
the 3D analysis for 12 kg Wabox test are shown in Figure 7.
All the foundation element nodes were assigned zero
translational velocities which simulates fixed boundary
condition for the wall at ground level. In ANSYS-Autodyn,
Eulerian boundaries adopt reflecting boundary condition by
default unless the specified boundary condition is assigned.
,erefore, flow-out boundary condition was first defined in
ANSYS-Autodyn and then assigned to the outer surfaces of

Table 4: Material properties for confining reinforced concrete (state equation: p–α, strength model: RHT).

EOS parameter Value Strength parameter Value
Initial density, ρo (kg/m3) 2.3E+ 3 Compressive strength, fc (MPa) 21.0
Reference density, ρo (kg/m3) 2.75E+ 3 Tensile strength, ft (MPa) 10.0
Porous sound speed (m/s) 2.75E+ 3 Failure surface constant, Ac 1.60
Initial compaction, Oc (MPa) 23.3 Failure surface exponent, Nc 0.61
Solid compaction, Os (MPa) 6.0E+ 3 Parameter, Qo 0.68
Compaction exponent, nc 3.0 Parameter, Q1 0.011
Bulk modulus, K (MPa) 35.2E+ 3 Fractured constant, Bc 1.60
State variable, A2 (MPa) 39.5E+ 3 Fractured exponent, Mc 0.61
State variable, A3 (MPa) 9.0E+ 3 Damage parameter, D1 0.04
State variable, Bo 1.22 Damage parameter, D2 1.00
State variable, B1 1.22 Failure strain (minimum), ϵf 0.01
State variable, T1 (MPa) 35.2E+ 3 Shear modulus fraction 0.13
State variable, T2 (MPa) 0.0 Principal tensile stress (MPa) 10.0
Reference temperature (K) 300.0 Fracture energy, Gf (J/m2) 100.0
Specific heat (J/kg K) 654.0 Erosion parameter Strain

Erosion limit 0.50

Table 5: Material properties used for dry-stack masonry (state
equation: p–α, strength model: RHT).

Strength parameter Value
Compressive strength, fc (kPa) 5.0E+ 3
Tensile strength, ft (kPa) 400
Principal tensile stress (kPa) 400
Elastic modulus, E (MPa) 4.2E+ 3
Softening criteria Nil
Erosion parameter Strain
Erosion limit 0.02
Remaining properties are the same as used for reinforced concrete.
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all air domain. ,e flow-out boundary condition allows the
exit of pressure waves from 3D air domain outer surfaces
without reflection of pressure waves back to the domain [35].

Moreover, the terminal time for the analysis was kept as
50.0ms for the blast traveling time between detonation point
and wall. For the complete analysis and response

Material Location
AIR

TNT

RC

Masenry

blast-on-wall
Cycle 0
Time 0.000E+000ms
Units mm, mg, ms 4 kg WA Box on Wall

(a) (b)

(c)

Figure 5: (a) Finite element (FE) model of the test specimen with meshing; (b) wall section enclosed in air domain with added pressure
gauges; (c) explosive material detonation.

Table 6: Breakable connection failure parameter detail [30, 31].

Connection Compressive
strength (Sn)

Shear strength (Ss)

Wall and confining
element interface Sn � Ss/3.1 Ss � 0.62

�����������

min(fc
′, fm
′ )



(MPa) whereas fc
′� confining concrete compressive strength

fm
′ � dry-stack masonry compressive strength

Velocity vectors (m/s)
7.432e+02

6.689e+02

5.946e+02

5.202e+02

4.459e+02

3.716e+02

2.973e+02

2.230e+02

1.486e+02

7.432e+01

0.000e+00

16 Kg WaBox on Wall

blast-on-wall
Cycle 10737
Time 2.000E+000 ms
Units mm, mg, ms
Axial symmetry

Figure 6: Pressure contours in 1D wedge filled with Wabox explosive and air.
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investigation of the wall specimen, this time is considered
enough and appropriate.

8. Results and Discussion

A total of four charge weights detonations were simulated, of
4 kg, 8 kg, 12 kg, and 16 kg of Wabox explosive material.
Furthermore, the gauge installed at mid locations was
considered for pressure-time history as per availability of the
experimental data. ,e analysis of explosive detonation and
CDSM response was carried out using software ANSYS-
Autodyn. ,e comparison of the results obtained from
ANSYS-Autodyn was made with experimental data from
Azmatullah [18] for pressure-time history and damage
pattern which will be discussed in the coming sections.

8.1. Pressure-Time History. ,e pressure-time history
comparisons between the experimental data and numerical
simulation resulting from 4 kg, 8 kg, 12 kg, and 16 kg Wabox
explosive detonation are shown in Figure 8. Minor dis-
crepancies have been observed in Figure 8 between the
numerical simulation and experimental graphs. Experi-
mental graphs of pressure-time history display some
roughness in curves while smooth pressure profile has been
obtained from the numerical simulation. Moreover, the
pressure peaks and arrival time do not match by small
margin. ,ese minor differences are mainly due to the re-
flection effects of blast waves from ground, which can be
detected by pressure sensors installed on the wall. ,ese
miner reflections were not considered in the ANSYS-
Autodyn model. However, there is still a general agreement
between the pressure profiles of the numerical simulation
and experimental tests. ,is validates that the numerical
simulation in ANSYS-Autodyn is a reliable alternative for
blast load tests on structures. From these graphs a com-
parison of incident overpressure and arrival time is illus-
trated in the coming subsections. ,e results were also
calibrated with empirical model developed by Kingery-
Bulmash [36] for incident overpressure and arrival time.,e

Kingery-Bulmash equations have also been automated in the
computer program CONWEP used for analysis of blast load.

8.1.1. Comparison of Peak Incident Overpressure. ,e
summary of incident peak overpressure for different scaled
distances obtained from ANSYS-Autodyn, experimental
tests by Ullah [18], and Kingery-Bulmash model is given in
Table 7 and is also plotted in Figure 9.

It is observed from Figure 9 that pressure variation trend
for the three different model is nearly the same.,e incident
pressure values are also in close range except for the near
field blast (z� 1.41m/kg1/3).

8.1.2. Comparison of Arrival Time. Summary of results in
terms of arrival time obtained from ANSYS-Autodyn, ex-
perimental tests, and Kingery-Bulmash empirical model is
listed in Table 8.

,e results comparison chart, as illustrated in Figure 10,
displays the variation in arrival time values. However, the
arrival time obtained from all three sources still shows a
good correlation with slight variation which can be ignored
for such type of large deformation or strain phenomenon.

8.2. Damage Pattern of Wall. ,e validation of the ANSYS-
Autodyn 3D results with the experimental tests conducted
by Ullah [18] was carried out through damage or failure
pattern. ,e failure pattern is based on the damage level
contours obtained from numerical analysis at the end of each
simulation which shows damage zones of the specimen. ,e
numerical values for damage level contour ranges from 0.0
to 1.0 which represents no damage and full damage, re-
spectively. ,e failure pattern obtained from the numerical
simulation shows a good correlation with the experimental
results as illustrated in the coming sections.

8.2.1. Damage Pattern of Blast Test #1. In the first blast test,
the CDSM wall was subjected to a blast of 4 kg explosive of
Wabox at an altitude of 0.92m and standoff distance of
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PRESSURE (kPa)

0.000e+00

12 Kg WA Box Blast on Wall
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Time 2.035E+000 ms
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Figure 7: Pressure contours in 3D air domain after remapping from 1D output.
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Figure 8: Pressure-time history comparison for (a) 4 kg Wabox Blast; (b) 8 kg Wabox Blast; (c) 12 kg Wabox Blast; (d) 16 kg Wabox Blast.

Table 7: Summary of results of peak incident overpressure for wall specimen.

Test
case

Scaled distance,
z � R/

���
We

3


(m/kg1/3)
Numerical peak incident

overpressure (kPa)
Experimental peak incident

overpressure (kPa)
Kingery-Bulmash peak incident

overpressure (kPa)

1 2.23 240 260 221
2 1.77 490 498 375
3 1.55 630 590 512
4 1.41 895 1015 638
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3.66m.,is blasting test of scaled distance, 2.23m/kg1/3, was of
very low intensity; therefore, no damage has been observed to
the wall as shown in Figure 11. After that, higher level intensity
blast has been applied to the same wall specimen in the second
blast which was named as blast test (#2).

8.2.2. Damage Pattern after Blast Test #2. It was found that
for wall after 8 kg Wabox Blast (scaled distance of 1.77m/
kg1/3) minor cracked are observed at the interface of the

masonry and confining frame as shown in Figure 12, which
confirms the experimental result. ,e damage was minor;
therefore, the same wall was used for the third blast test.

8.2.3. Damage Pattern after Blast Test #3. Further damage
was observed and the cracks between confining element and
masonry interface were increased after 12 kg (scaled distance
of 1.55m/kg1/3) blast. However, for the wall specimen with
increased intensity level of blast load, the wall was still intact,
and no global failure has been observed. ,is result also
shows a good comparison with the experimental results as
shown in Figure 13.

8.2.4. Damage Pattern after Blast Test #4. In the final 16 kg
Wabox explosion (scaled distance of 1.41m/kg1/3), the
CDSM wall was completely damaged due to joint failure of
the confining elements. ,e experienced damage level was
high due to the debonding of the confining elements and
blocks of the wall. ,is result also shows good conformance
with the experimental test as shown in Figure 14. Although
the left joint of the confining frame is intact, the right side
joint failed by stress concentration whichmay be due to poor
construction.

Based on the above simulations, a decent correlation has
been attained between the obtained damage patterns of
numerical analysis and field experiments of all four blast
tests on the CDSM wall. ,is shows the validity of the
numerical modelling analyses in capturing the real behav-
iour of CDSM wall exposed to blast loads.
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Table 8: Results summary of blast arrival time.

Test
case

Scaled distance,
z � R/

���
We

3


(m/kg1/3)
Numerical peak incident

overpressure (ms)
Experimental peak incident

overpressure (ms)
Kingery-Bulmash peak incident

overpressure (ms)

1 2.23 3.97 4.00 3.41
2 1.77 3.25 3.50 2.79
3 1.55 2.85 2.55 2.48
4 1.41 2.50 2.45 2.28

0.00

0.50

1.00

1.50

2.00

A
rr

iv
al

 T
im

e (
m

s)

2.50

3.00

4.50

4.00

3.50

1

Scale distance, Z (m/kg1/3)

2 3 4

Autodyn

Experimental

Kingery-Bulmash

2.5 2.45
2.28

2.85
2.552.48

3.25
3.5

2.79

3.97 4

3.41

Figure 10: Arrival time comparison for different blast tests.
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Figure 11: Damage pattern comparison for 4 kg Wabox Blast: (a) numerical results; (b) experimental results.
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Figure 12: Damage pattern comparison for 8 kg Wabox Blast: (a) numerical results; (b) experimental results.
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Figure 13: Damage pattern comparison for 12 kg Wabox Blast: (a) numerical results; (b) experimental results.
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Figure 14: Damage pattern comparison for 16 kg Wabox Blast: (a) numerical results; (b) experimental results.
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9. Conclusion

Four different test cases of explosive charge detonation and
blast wave propagation in open space on CDSM wall were
investigated numerically using ANSYS-Autodyn software.
From this numerical simulation study, the following were
concluded.

(i) ,e complex wave structure of blasts was analysed
and pressure-time history records on walls were
described and compared with experimental records
which shows good agreement.

(ii) ,e incident overpressure and arrival time values
obtained from pressure-time history records were
compared with experimental data and empirical
models for calibration. ,e numerical model output
values show good correlation with experimental and
empirical models.

(iii) ,e numerical analysis is able to predict damage
pattern with reasonable accuracy. ,us, the ob-
tained damage patterns for each test were compared
with experimental damage map which shows good
correlation. ,erefore, this numerical model can
also be employed for parametric study on CDSM
walls.

(iv) It is observed from the results of numerical analysis
that the out-of-plane flexure capacity of CDSM
walls against blast loads has been increased by
providing proper confining elements. ,is also
confirms the response of CDSM walls observed in
the experimental tests conducted in the field.
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