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Abstract: This study presents the results of a numerical
analysis of the response of Domex 700 and Dormex 1100
steel plates with varying geometries, combined with sev-
eral different parameters such as a thickness of up to 6 mm
and a trinitrotoluene (TNT) mass. Using ABAQUS software,
finite-element analysis was run to examine the structural
response ability of the steel plates to explosions. In terms of
deformation and energy dissipation, the results showed a
large differentiation. A sensitivity analysis was used to
examine each simulation result in terms of the structural
response performance to explosions and identify the vari-
ables that had the greatest impact on variations in the thick-
ness, material, geometry, and TNT mass. The best numerical
simulation results were found using the multi-attribute deci-
sion-making (MADM) approach. Annotations are utilized to
assist in identifying the various modifications made during
testing. Annotations LXXI to LVIII achieved the lowest value
of 6.176 × 10−09, signifying the best results according to

calculations made using the MADM approach. This is evi-
denced by the structural events, demonstrating that the defor-
mation, von Mises stress, and energy dissipation in the
circular plate structure were not significantly impacted by
the explosion. The variables that most significantly affect var-
iations in deformation, vonMises stress, and dissipated energy
– variables that significantly impact the structural response to
explosions – are identified through the sensitivity analysis
approach. The results of this research can be used to optimize
the structural response performance of circular plates.

Keywords: explosion,finite-element analysis, structural responses,
multi-attribute decision making, sensitive analysis

1 Introduction

Ships have a crucial role in the global economy, facilitating
global trade, connecting various ports worldwide, and
forming one of the backbones of the goods and people
transportation system. Despite the critical role of ships in
the movement of the global economy, ship accidents often
occur. These pose a severe threat, especially ship accidents
due to explosions, which can threaten the safety of the
ship’s crew and have long-term impacts on the environ-
ment. The types of shipping accidents that occurred most
frequently in 2021 were collisions (31% of all the accidents
reported), fire/explosions (25%), and grounding (20%). The
total number of crashes (54) was 34% lower than the 10-
year average (2011–2020) of 82, the number of fire/explosion
accidents (44) was 23% above the 10-year average of 36, and
the number of groundings (36) was 40% below the 10-year
average of 60 [1]. This shows that accidents due to explosions
were among the most frequent incidents in 2021.

Ship collisions often occur, so it is crucial to conduct ana-
lyses of a ship’s structure [2]. In previous studies, researchers
investigated the response of geometry to variations in the blast
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loading of trinitrotoluene (TNT) using the Conventional Weapons
Effects Program (CONWEP) method [3–7]. The CONWEP approach,
which is based on empirical data on conventional weapons
and offers forecasts of blast stress, deformation, and other
pertinent aspects, is used to model explosion impacts on
structures. In this study, the CONWEP model was employed
to predict the structural behavior of an explosion on a cir-
cular plate by considering several factors, such as the mass
and type of explosive (TNT), the standoff distance, and the
ambient conditions. These details demonstrate the validity
and reliability of the CONWEP technique for conducting a
structural analysis under blast-loading scenarios [8,9].

One study also discussed the energy dissipation obtained
from the geometry when it experiences an explosion, while
research on the deformation that occurs in specimens has
also been carried out using the CONWEP method [10,11]. An
analysis of the response of a structure to explosions should be
performed in order to mitigate the occurrence of fatal acci-
dents in the event of the structure’s inability to withstand
the blast loading from an explosion. This research presents
the results of a numerical simulation analysis of the circular
response of Domex 700 (D700) steel and Domex 1100 (D1100)
steel plate structures to varying blast loads. An explosion is
an unstable event, in terms of chemistry and energy, that
has the potential to cause sudden expansion accompanied
by the generation of heat and rapid changes in pressure in a
very short time [12]. The plastic deformation of a structure’s
geometry is influenced by the stress experienced and the
amount of energy absorbed due to the explosion [13].

Numerical simulations were carried out with finite
elements and ABAQUS, using the CONWEPmethod to simu-
late the explosions. Tests were carried out on plates using
different thicknesses and geometries to determine the defor-
mation, plastic dissipation energy, and stress resulting from
different blast loads. These data can be used for mitigation
efforts in case of ship accidents.

2 Literature review

2.1 Shell buckling

In many engineering constructions, plate and shell struc-
tures are used as fundamental components. Throughout
their service life, these structures are frequently exposed
to complicated loading circumstances that might alter their
dynamic properties and result in buckling failure [14].
Furthermore, the existence of fractures significantly affects
their quality and degrades their performance. Shell buck-
ling can be caused by a number of things, including blast

loading. It is believed that structures are prone to compres-
sive stress, which might result in abrupt failure without
any prior indication of deformation [15]. Because of the
tremendous pressure that a blast wave creates, shell struc-
tures are susceptible to collapsing during an explosion,
which can degrade or even destroy their structural
integrity. The unequal distribution of pressure over
the geometry can lead to increased stress at certain
areas in a blasted shell structure, which can soon cause
the damaged structure, for example, a plate with a stif-
fener, to buckle. The formula for shell buckling is pro-
vided in Eq. (1):
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The critical shear buckling load is determined by mul-
tiplying the critical buckling stress by the web area. The
elastic modulus, Poisson’s ratio, web depth, and web thick-
ness are represented by the letters E , v, h, and t, respec-
tively. To calculate the shear buckling stress, the shear
buckling coefficient (kv), which varies depending on whether
the web is stiffened or not, is also dependent on whether the
entire cross-section or only the web is taken into account.
When a plate with a long stiffener is subjected to a compres-
sive stress, σ, it will eventually reach the critical stress and
cool down. The plate will proceed to the post-bending stage. A
feature of plates is that the applied load tends to increase in
tandem with the deflection, resulting in stable post-bending.
We define this in Eq. (2):
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where the buckling deflection’s amplitude is indicated by
the letter w for a plate thickness deflection of the same
magnitude. The design takes into account the effects of
imperfections and plasticity along with the post-buckling
strength of the plates in the elastic range. Note that the
post-buckling strength of plates is limited to thin plates.
To specify the non-dimensional parameter of slenderness,
the following equation was used:
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with f
y
representing the yield stress of the material. A

plate’s geometrical slenderness ⎛
⎝

⎞
⎠
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t
is directly proportional

to its non-dimensional slenderness parameter, λ̅p. For a
narrow plate, ≪σ f

ycr (high λp values), whereas for a

stocky plate, ≫σ f
ycr (low λp values).
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2.2 Finite-element analysis (FEA) using the
conventional weapons effect method

Through the division of a structure into several small ele-
ments, the finite-element method (FEM) may solve a diffi-
cult issue [16–18]. As a result, the structural response to
various applied-load circumstances may be thoroughly
analyzed. When a system is in equilibrium, the total energy
in it is equal to the sum of the external potential energy
and the strain potential energy. This is the fundamental
idea of an FEA’s indirect approach to the lowest potential
energy. Eqs. (4) and (5) demonstrate the fundamental con-
cept of the FEM.

The total amount of potential energy is expressed as
follows:
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The total potential energy of the discretized individual
element is expressed as follows:
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The above equations explain that a system will reach
equilibrium when the total potential energy is at a minimum.
[F] is the external force vector applied to the structure, while
[K] explains the structure’s matrix, and the variable [U]
explains the displacement vector. With these, a structure’s
behavior can be predicted under a load such as pressure or
an external force.

An FEA can be used to document a problem in various
cases, such as explosions. When an FEA is combined with
the CONWEP method, which is used to calculate the effects
of explosions based on the distance and mass of the explo-
sives, the CONWEP method serves to provide initial data on
the explosion pressure on the structure and is involved in the
FEA model regarding the dynamic response of the structure
to the explosion. An explosion is a mechanism consisting of
the generation of a shock wave that, upon impacting the
unexploded material, activates it through a shock pressure
force. Materials that explode through explosions are called
explosives or high explosives, such as TNT [19]. Both the rela-
tionship between the reflected pressure and the incoming
shock wave are crucial for understanding and predicting
how a blast will affect a structure when employing the
CONWEP method [20]. A surface made up of solid or shell
elements, or a collection of predetermined segments, is affected
by the load. According to Eq. (7), the pressure p acting on a

segment takes into account the pressure wave’s angle of inci-
dence θ, where p

i
is the incident pressure and p

r
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A complex analysis is needed to determine the equiva-
lent weight of TNT associated with deflagration. Models
predicting mid-field deflagration effects are impractical
for the characterization of far-field deflagrations and vice
versa. Estimations of near-field deflagration effects via TNT
equivalence methods generally lack accuracy [21–23]. The
modified Friedlander Eq. (8) accurately describes the blast
pressure–time history at a fixed point:
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where the absolute pressure recorded at the point of
interest (time t) following the detonation is represented
by ( )P t , the undisturbed atmospheric pressure is identified
by P0, the peak overpressure is identified by Ps, the blast
wave’s arrival time at the point of interest is indicated by
ta, the positive phase duration is indicated by td, and the
decay is represented by the b coefficient. Figure 1 illus-
trates the conventional curve that Eq. (4) describes.

The pressure–time history is divided into two separate
phases, as shown in Figure 1. The positive phase begins at
time instant ( )P t , with a peak overpressure, and rapidly
decays to a value below the undisturbed air pressure,
which is generally referred to as the negative phase, after
the requisite time span for the blast wave to reach the
place of interest. The blast force crushes the affected struc-
ture during the positive phase, and a reversed blast wind
arises during the subsequent negative phase to further
impact the target [24].

Figure 1: Blast wave pressure–time history (illustration based on the
study of Povey [24]).
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In recent decades, a number of empirical techniques
for characterizing the primary characteristics of the blast
wave pressure–time history curve have been developed. A
scaling law was introduced to assess the effects of large-
scale explosions because tests are typically carried out at
small scales. The scaled distance, which connects the explo-
sion’s center to a specific point using the energy released
by the explosive, is one of the crucial metrics used to assess
the effects of an explosion. It serves as a gauge for the
explosion’s impact on a structure at a given distance. Eq.
(9) expresses the scaled distance:
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where R is the place of interest’s distance from the explo-
sion site andWTNT is the weight of TNT that was previously
introduced. Eq. (7) can be used to analyze the structural
response to explosions at various possible scales.

2.3 von Mises stress

von Mises stress is a concept that refers to the internal
force generated through external loads applied to an object
or structure. Contextually, von Mises stress comes from the
distribution force or pressure received by external forces
applied to a structure or object. In a structure, a compo-
nent can receive different forces. Forces with various com-
binations will cause different stresses at different points,
depending on the material and the resulting stress. The
normal and shear stress components are contained in a
symmetric matrix called the stress matrix, often known
as the stress tensor, in three dimensions when it comes
to a stress analysis.

In addition, von Mises stress emphasizes giving an
important role to the cooling of the structure. The von
Mises stress principle is defined in Eqs. (10) and (11).
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The principal stresses or the stress components repre-
sented by the three stress tensors can be used to compute
the von Mises stress. For a given stress state, the same von
Mises stress, σv, can be obtained using either of the for-
mulas in Eqs. (12) and (13).
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These formulas represent the stress value that results
from combining a component’s shear and normal stresses
at a given position. We can determine the amount of a
certain stress, which is crucial for providing strength and
preventing material failure, by computing the equivalent
stress. von Mises stress frequently employs stress in struc-
tural analysis to predict when an object may fail or fail
permanently. Furthermore, there is an indirect relation-
ship between the von Mises stress and the occurrence of
deflection and dissipation energy [25].

When a structure is shifted or distorted as a result of
external loads such as vibration, momentum, or temperature,
energy dissipation frequently occurs [26]. Furthermore, in the
analysis of a structure, energy dissipation is frequently used
for mitigation [27]. Friction between surfaces, material defor-
mation, and energy transmission to the surrounding medium
are all factors that contribute to the process of energy dissipa-
tion. Therefore, the structural responses to applied stress are
evaluated using energy dissipation as a key indication. Eqs.
(14) and (15) can be used to define the dissipation energy.

( )∫= F δ δED d ,

δ

0

(14)

=
m

SED
ED

. (15)

F(δ) describes the function of deformation or displace-
ment when force is applied to a structure, ED describes the
total energy dissipation, and m is the total mass of the
deformed structure. In general, several main mechanisms
cause energy dissipation to occur in a system. First, plastic
deformation is a process where mechanical energy is used to
change the structure of amaterial so that deformation occurs.
Second, friction is a phenomenon when mechanical energy is
lost, and two surfaces move against each other. Third, heating
is the result of mechanical energy being converted into
thermal energy due to friction or deformation.

3 Benchmark particular

Benchmarking in numerical simulations is a validation and
verification process that ensures the accuracy of the simu-
lation results by comparing the simulation data with
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empirical data. Benchmarking specifically involves testing
profiles, results, and mesh convergence studies to verify
the accuracy of the simulation results.

3.1 Testing profile

The testing profile comprehensively discusses various aspects
of the numerical simulation, ranging from the geometry to
boundary conditions. In this study, the geometry used was a
sandwich panel measuring 31mm × 31mm × 5mm. The plate
stiffener used a tie constraint as a preventive measure to
prevent movement between the plate and the honeycomb
core [28]. The mesh element used was reduced integration
(C3D8R) on the front and back of the plate. Then, S4R ele-
ments were used in the sandwich geometry. The load used on
the plate was with ENCASTRE, so that it could not move in
any direction. The symmetry condition about the x-axis
(XSYMM) was applied to the plane in the direction of the
y-axis. In addition, the symmetry condition of the y-axis
(YSYMM) was applied to the plane parallel to the x-axis, as
shown in Figure 2.

3.2 Results

The benchmarking results from the CONWEP helped pro-
vide essential results in evaluating models for their ability
to simulate the effects of TNT explosions with masses of 1,
2, and 3 kg on the structural response that occurs in sand-
wich panels. This was achieved by involving empirical data
from trials carried out in previous studies and comparing

them with the current study. The data from the numerical
simulation results between the previous and present stu-
dies are presented in Table 1.

The results of the numerical simulations carried out in
the previous study and present study used the same varia-
tions, namely varying the mass of TNT used for the sand-
wich panels from 1 to 3 kg. The benchmarking results that
were carried out with the results of the previous study
showed a displacement of 69.19 mm with a TNT mass of
1 kg. At the same mass, the difference in displacement
between the previous and present studies was 1.03 mm
with an error of 1.4%. The results of the numerical simula-
tions carried out by both studies showed that the mass or
load given to the sandwich panel can influence the struc-
tural response of the sandwich panel. Contour illustrations
of the numerical simulation results of the two studies are
shown in Figures 3 and 4.

3.3 Mesh convergence study

Mesh convergence is one of the crucial components in an
FEA when the convergence value can reach the actual solu-
tion. It involves combining the elements in the geometry
and analyzing the impact of the process on the accuracy of
the results or the achievement of stability (convergence). At
this stage, further changes no longer significantly impact the
results, so determining the optimal element size is very
important in order to obtain accurate results [29]. In this
study, a mesh element size of 6 was used because the mesh
reached a convergence or stability value, so at this value, the
mesh convergence showed the achievement when the simu-
lation results were no longer affected by the level of mesh

Figure 2: Sandwich panel boundary condition.
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Table 1: Data from numerical simulation results of the previous study and the present study

Mass of TNT Displacement (mm) Error (%)

Numerical result (previous study) Numerical result (present study) Previous study Present study

1 kg 69.19 70.22 1.4 1.4
2 kg 110.5 110.5 0 0
3 kg 141 143 1.4 1.4

Average error 0.93 0.93

Figure 3: Deflection in sandwich panels with a TNT mass of (a) 1 kg, bar 3; (b) 2 kg; and (c) 3 kg in the previous study.

Figure 4: Deflection in sandwich panels with a TNT mass of (a) 1 kg, bar 3; (b) 2 kg; and (c) 3 kg in the present study.
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fineness used. This is shown in the mesh convergence graph
in Figure 5.

4 Methodology

This study used the CONWEP method, which includes soft-
ware designed to model the effects of explosions and
impacts caused by conventional weapons or explosives.
CONWEP helps in understanding and predicting the impact
of damage that may occur to structures due to explosions.

A structural response analysis was facilitated using the
FEM and the multi-attribute decision-making (MADM) method
to show the best simulation data results with several variations
to the geometric structure. A numerical approach was used to
solve partial differential equations that described the structural
behavior. In the context of a blast analysis or the structural
dynamics, FEMs can be used to model the response of struc-
tures to blast loads.

4.1 Geometrical model

This study used five types of circular plate geometries: no
stiffener, one stiffener, one cross-stiffener, two stiffeners,
and two cross-stiffeners. The plate was modeled by repre-
senting it as a component in the form of a circle with a
radius of 73 mm, whereas the open area had a radius of
53 mm. The S4R shell element was used for this representa-
tion. An additional radius of 20 mm served to delineate the
clamping area. The test plate was designated as a ‘shell
revolve’ component, with a specific section thickness of
2 mm or 3mm using a 1.3 mm mesh, as shown in Figure 6.

The clamp was modeled as a 3D “analytical rigid body”
with a revolved cross-section shell. It was designed as a
holder for the test plate to simulate the boundary condi-
tions used in this experiment. The clamp was given a
clamping surface, which limited the clamp area that inter-
acted with the test plate. Figure 7 illustrates the 3D models
of various geometric variations.
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Figure 5: Mesh convergence graph.

Figure 6: A 2D model of the circular plate geometry.
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4.2 Applied material

The Johnson–Cook material model is often used in numer-
ical simulation analyses to describe the response of amaterial to
the geometry of complex mechanical loads. The Johnson–Cook
model uses three main parameters for materials: the strain
hardening rate, thermal parameters, and strength. These para-
meters can help accurately describe a material’s response to
varying conditions and loads. This study applied the Johnson–
Cook model to two types of materials: Domex 700 steel and
Domex 1100 steel. Domex 700 steel, with a thermal conductivity
(m) of 500 and a melting temperature (Tmelt) of 1,370K, has been
effectively used in previous research, such as in the study by
Yuen et al. [30]. Similarly, 1100 (D1100) steel, with a thermal
conductivity (m) of 1.03 and a melting temperature (Tmelt) of
1,795K, has shown promise in research, such as in the work by
Pratomo et al. [31]. The Johnson–Cook relation, as expressed in
Eqs. (16) and (17), was instrumental in capturing the material
behavior in these loading scenarios, demonstrating its practical
application in real-world situations.
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Before considering the standards for Domex 700 steel
and 1100 steel, it is necessary to define the chemical

composition of the steel, as shown in Tables 2 and 3. These
two types of steel have different composition types and per-
centages. The mechanical property parameters are also dif-
ferent for Domex 700 (a yield strength of 700 N/m 1100 steel
and a tensile strength of 750–950N/m 1100 steel) and circular
plate steel Domex 1100 (a yield strength of 1,100 N/m 1100 steel
and a tensile strength of 1,250–1,550N/m 1100 steel). The steel
structure standards for ships generally use the ASTM A 131M
standard, which covers structural steel forms, plates, bars, and
rivets. Materials with specifications in ASTMA 131M are divided
into two categories: ordinary strength – Classes A, B, D, DS, CS,
and E,with a specifiedminimummelting point of 235MPa – and
higher strength – Classes AH, DH, and EH, with the minimum
melting point determined as 315MPa or 350MPa.

Under standard test parameters, different references
were also used; for Domex 700, EN-10149-2 [32], the European
standard for hot-rolled flat products made of high-yield-
strength thermo-mechanically rolled steels for cold forming
was used, and the impact strength test used the Charpy V-test.
Notching was carried out in accordance with EN 10045-1 [33].
Meanwhile, for Domex 1100 circular steel, the tensile test was
performed according to EN 10002-1 [34] and the impact
strength test also used EN 10045-1 [33].

The corresponding constants used to describe a com-
plex material response are comprehensively detailed in

Figure 7: The 3D models of geometry variations.

Table 2: Chemical composition percentage of Domex 700 Steel (D700)

Composition percentage (%)

Material C Si Mn P S Al Nb V Ti

D700 0.12 0.1 2.1 0.025 0.01 0.015 0.9 0.2 0.15

8  Al Fath Farisy Kusuma Amanta et al.



Table 4. They ensure a comprehensive understanding of a
material’s dynamic response to local blast-loading condi-
tions. This approach accurately represents the material
behavior of Domex 700 steel and Domex 1100 steel in a
given context, as demonstrated in this study.

4.3 Finite-element settings

Boundary conditions, the mesh, and the scenario design
are three aspects that are quite important in the numerical
simulation process. Boundary conditions are used to reg-
ulate system behavior within predetermined boundaries.
In contrast, the mesh divides the geometric domain into
elements for the numerical simulation. Meanwhile, the
scenario list is a series of scenarios or conditions planned
using code to make it easier to identify simulation results
from different variations. By paying attention to these
three aspects, the simulations can be made more accurate
and relevant for analyzing the responses to various prede-
termined situations and conditions.

4.3.1 Mesh configuration

In numerical simulations, the meshing process is the first
step and is crucial in providing accurate results. Dividing
the meshing elements into more minor elements allows for
a simpler representation of complex geometries. Meshing
has a vital role in determining the accuracy and reliability
of the simulation results, so the choice of mesh type, mesh
size, and mesh production are important factors that can
influence the quality of the resulting simulation model. In
addition, the meshing of the geometry has an important
role in the simulation efficiency, because the efficiency
depends on the quality of the mesh [35,36]. The mesh in

this study used S4R mesh shell elements with a size of
1.3mm. The number of elements used in the test plate
affected the pressure distribution on the test plate as a whole.
The mesh applied used a global size of 1.3mm and had 11,727
total elements. It was chosen because this mesh size achieved
convergence or stability in the numerical simulation results.
A mesh illustration is shown in Figure 8.

4.3.2 Boundary conditions

Boundary conditions are an important component in pre-
paring numerical simulations; they are parameters that
determine the behavior of the system at the boundaries in
a numerical simulation. This is quite crucial, because it allows
the user to simulate situations according to the actual phy-
sical conditions of the object being tested. Boundary condi-
tions include external forces applied to a bounded structure
or boundary, as they can influence the results [37]. When
appropriate boundary conditions are set, the simulation
results can provide more accurate results regarding the struc-
ture’s response to the environment and the load conditions
that are determined. The boundary conditions must be care-
fully determined, and the actual physical conditions must be
considered along with the analysis objectives [38].

The investigation of the structural response of Domex
700 steel and Domex 1100 (D1100) steel circular plates used
the ABAQUS approach with the CONWEP approach. The
clamping mechanism was assigned a defined clamping sur-
face, representing the region where the mechanism engaged
with the test plate. Next, a reference point with certain zero-
velocity boundary conditions (X, Y, Z) was established on the
clamp, ensuring its stability in space during plate loading, as
shown in Figure 9.

The numerical model was subjected to blast loading using
the CONWEP interaction, defined as the interaction of the

Table 3: Chemical composition percentage of Domex 1100 Steel (D1100)

Composition percentage (%)

Material C Si Mn P S B Nb Cr V Cu Ti Al Mo N Ni

D1100 0.21 0.5 1.4 0.02 0.01 0.04 0.04 0.08 0.08 0.3 0.02 0.02 0.7 0.15 3

Table 4: Domex 700 steel and Domex 1100 steel material properties

Material A (MPa) B (MPa) n ε0 (s) C m Tmelt (K) Specific heat (J/kg K) ρ (kg/m3)

Domex 700 steel 750 270.6 0.263 0.001 0.014 1.03 1,795 477 7,800
Domex 1100 steel 1,000 490 0.26 0.001 0.001 1.03 1,370 500 7,830
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incident wave with the blast area on the test plate. The explo-
sion source was determined at a normal distance of 150mm
from the explosion area. The CONWEP interaction character-
istic was defined as an air blast with a mass equivalent to TNT
for each specific charge mass ranging from 10 to 40 g.

4.3.3 Scenario list

The scenario list is a collection of various scenarios or
conditions that were planned before the simulation was
carried out. This can help identify and monitor the simula-
tion results produced from various numerical simulations.
Using a list of scenarios makes it easier to compare each
scenario’s simulation results to understand the impact of
the various factors being analyzed better. The scenario list
is presented in Tables 5 and 6.

The combination of the plate thickness and the blast
mass was used to evaluate diverse scenarios of the struc-
tural response to extreme conditions. In order to examine

the impact of the thickness on the plate’s resistance to blast
loads, which has a direct bearing on the structural strength
and energy dissipation capacity, plates with thicknesses
varying between 2 and 5 mm were chosen [39]. In general,
thicker plates can tolerate more plastic deformation, which
increases their resistance to buckling and the structure’s
failure under blast stresses. In this investigation, explosive
masses ranging from 10 to 40 g of TNT were used. When
deciding how strong of a blast to apply to the plate, the
explosive mass was a crucial factor. Greater pressure
waves generated by larger blast loads increase the likeli-
hood of plate structure failure or deformation [40].

After numerous simulations with different variants
versus circular plates, the notation used in Table 5 came
to 71. Additionally, the different codes utilized in the list of
numerical simulation scenarios made it easier to identify
the different types of materials, thicknesses, TNT masses,
and geometry modifications that were employed in the
numerical simulations. A number of scenarios in different
combinations were created to aid in the investigation of

Figure 8: Mesh illustration for geometry variations.

Figure 9: Illustration of boundary conditions on a circular plate.
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Table 5: List of numerical simulation scenarios with different variations

Mass of TNT Geometry Thickness Material Notation

m5 G1 t1 Domex 700 steel I
m5 G1 t2 Domex 700 steel II
m5 G1 t3 Domex 700 steel III
m5 G1 t4 Domex 700 steel IV
m5 G1 t5 Domex 700 steel V
m5 G1 t1 1100 steel VI
m5 G1 t2 1100 steel VII
m5 G1 t3 1100 steel VIII
m5 G1 t4 1100 steel IX
m5 G1 t5 1100 steel X
m1 G1 t2 Domex 700 steel XI
m2 G1 t2 Domex 700 steel XII
m4 G1 t2 Domex 700 steel XIII
m5 G1 t2 Domex 700 steel XIV
m6 G1 t2 Domex 700 steel XV
m7 G1 t2 Domex 700 steel XVI
m1 G1 t2 1100 steel XVII
m2 G1 t2 1100 steel XVIII
m4 G1 t2 1100 steel XIX
m5 G1 t2 1100 steel XX
m6 G1 t2 1100 steel XXI
m7 G1 t2 1100 steel XXII
m1 G2 t2 Domex 700 steel XXIII
m2 G2 t2 Domex 700 steel XXIV
m3 G2 t2 Domex 700 steel XXV
m4 G2 t2 Domex 700 steel XXVI
m5 G2 t2 Domex 700 steel XXVII
m6 G2 t2 Domex 700 steel XXVIII
m7 G2 t2 Domex 700 steel XXIX
m1 G2 t2 1100 steel XXX
m2 G2 t2 1100 steel XXXI
m3 G2 t2 1100 steel XXXII
m4 G2 t2 1100 steel XXXIII
m5 G2 t2 1100 steel XXXIV
m6 G2 t2 1100 steel XXXV
m7 G2 t2 1100 steel XXXVI
m1 G3 t2 Domex 700 steel XXXVII
m2 G3 t2 Domex 700 steel XXXVIII
m3 G3 t2 Domex 700 steel XXXIX
m4 G3 t2 Domex 700 steel XL
m5 G3 t2 Domex 700 steel XLI
m6 G3 t2 Domex 700 steel XLII
m7 G3 t2 Domex 700 steel XLIII
m1 G3 t2 1100 steel XLIV
m2 G3 t2 1100 steel XLV
m3 G3 t2 1100 steel XLVI
m4 G3 t2 1100 steel XLVII
m5 G3 t2 1100 steel XLVIII
m6 G3 t2 1100 steel XLIX
m7 G3 t2 1100 steel L
m1 G4 t2 Domex 700 steel LI
m2 G4 t2 Domex 700 steel LII
m3 G4 t2 Domex 700 steel LIII
m4 G4 t2 Domex 700 steel LIV
m5 G4 t2 Domex 700 steel LV
m6 G4 t2 Domex 700 steel LVI

(Continued)
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the circular plate’s structural response to an explosion. By
using this approach, the modeling allowed for more accu-
rate results through the analysis of diverse combinations.

4.4 MADM method

MADM is an analytical approach used to make complex deci-
sions by considering several relevant alternative criteria or

attributes [41–48]. By using the MADM method, decision
makers can evaluate and compare various alternatives based
on different criteria (such as crashworthiness, fire safety,
etc.), making it possible to obtain results that are in accor-
dance with the objectives [49–56].

The simple addition weighted (SAW) method is one
type of the MADM method that is used to weight the
values obtained for each criterion. The SAW method is
quite commonly used. It determines the performance
weight for each alternative owned by each attribute.
This method requires a data normalization process and
compares the data with all the result rankings. Data nor-
malization is shown in Eq. (19), and the value of each
alternative is calculated using Eq. (20).
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The calculation model using MADM is explained by the
equation. The matrix’s alternative values and criteria are
described by xij, and their relationships are established by

xMaxi ij, which specifies the maximum value of each alterna-
tive and criterion. Next, wr describes the assigned weight
value and rij defines the matrix normalization so that vi, the
defined alternative’s final value, may be obtained.

Table 5: Continued

Mass of TNT Geometry Thickness Material Notation

m7 G4 t2 Domex 700 steel LVII
m1 G5 t2 Domex 700 steel LVIII
m2 G5 t2 Domex 700 steel LIX
m3 G5 t2 Domex 700 steel LX
m4 G5 t2 Domex 700 steel LXI
m5 G5 t2 Domex 700 steel LXII
m6 G5 t2 Domex 700 steel LXIII
m7 G5 t2 Domex 700 steel LXIV
m1 G5 t2 1100 steel LXV
m2 G5 t2 1100 steel LXVI
m3 G5 t2 1100 steel LXVII
m4 G5 t2 1100 steel LXVIII
m5 G5 t2 1100 steel LXIX
m6 G5 t2 1100 steel LXX
m7 G5 t2 1100 steel LXXI

Table 6: Coded list of scenarios with different variations

Code

Thickness t1 2 mm
t2 3 mm
t3 4 mm
t4 5 mm
t5 6 mm

Mass of TNT m1 10 g
m2 15 g
m3 20 g
m4 25 g
m5 30 g
m6 35 g
m7 40 g

Geometry G1 No stiffener
G2 1 Stiffener
G3 1 Cross-stiffener
G4 2 Stiffeners
G5 2 Cross-stiffeners
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5 Results and discussion

5.1 Results based on material variation

The simulation carried out on the geometry used several
variations, one of which was a variation in the material
between Domex 700 (D700) steel and 1100 (D1100) steel, as
shown in Table 4. The data from the CONWEP simulation
results with a TNT mass of 30 g showed that the geometry
with the Domex 700 (D700) steel material produced a more
significant deflection compared to the Domex 1100 (D1100)
steel material, with a difference of 0.92 mm at 0.5 ms. The
data are presented in Figure 10.

The graph in Figure 11 shows that Domex 700 (D700)
steel experienced a more significant deflection compared
to 1100 (D1100) steel. The difference in the deflection values
for the two different materials was analyzed through theFigure 10: Deflection graph of Domex 700 steel and 1100 steel.

Figure 11: von Mises stress contour, one cross-stiffener: (a) Domex 700 steel and (b) 1100 steel.
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stress value produced by the geometry. The geometry with
the Domex 700 (D700) steel material received a greater von
Mises stress than 1100 (D1100) steel, with a difference in the
value of 388 Pa. Therefore, the force distribution produced
by Domex 700 (D700) steel was more significant, so the
energy absorbed by the material was relatively high. This
resulted in the deflection being greater than that of 1100
steel. The difference in the deflection values between the
two materials was influenced by the ability of each mate-
rial to accept the force obtained from the explosion on the
geometry. This shows the significant influence of the explo-
sion on the geometric response of different materials, where
the energy absorbed increases with increasing time until it

reaches the maximum stress and energy dissipation values,
as illustrated in Figures 11 and 12.

5.2 Results based on thickness variation

Thickness variations in structures can significantly impact
the structural response to explosions. Varying the thick-
ness of a structure can cause a different stress distribution
when the structure is exposed to an explosion. An analysis
of varying thicknesses can help determine the structural
behavior in response to blast loads. In the numerical

Figure 12: Energy dissipation contour, one cross-stiffener: (a) Domex 700 steel and (b) 1100 steel.
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simulation, thicknesses ranging from 2 to 6 mm were used
with the same blast load mass of 30 g. Data on the effects of
the explosions on geometries with varying thicknesses are
presented in Figure 13.

The data resulting from deflections that occurred at
varying thicknesses showed that the geometry’s thickness
significantly influenced the explosion. The largest deflec-
tion was obtained at a thickness of 2mm, with a deflection of
13.47mm, and the slightest deflection occurred at a thickness
of 6mm, with a deflection of 5.69mm. As the thickness
increased, the resulting deflection became smaller compared
to the thickness, which tended to be small. Thus, there was a
correlation between the thickness of the material and the
level of deformation that occurred due to the explosion.
Therefore, the ability of a given thickness to withstand the
forces received from an explosion influences the structural
response of the geometry.
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Figure 13: Deflection graph with thickness variations.

Figure 14: (a) von Mises stress and (b) energy dissipation contour for a circular plate with thickness variations.
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Figure 15: Deflection graph with varying masses of TNT.

Figure 16: (a) von Mises stress and (b) energy dissipation contour for a circular plate with a varying mass of TNT.
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Deformations in geometries with varying thicknesses
can occur because there is stress received by the geometry,
resulting in dissipated energy, which is absorbed by the
geometry and produces deflection. The impact of this dis-
sipated energy is then reflected in the form of deformation
that occurs in the geometry. The factors that differentiate
each thickness are the von Mises stress value obtained and
the energy produced by the vonMises stress on the geometry,
which are very important parameters. This causes each thick-
ness to have different characteristics when responding to
explosions and different abilities to receive force and absorb
energy, resulting in different deflections from each thickness.
This is shown by different structural responses with the same

von Mises stress and energy dissipation values at each thick-
ness, as illustrated in Figure 14.

5.3 Results based on varying themass of TNT

The effect of varying the TNT mass on the geometry can
produce significantly different structural response results.
Different TNT masses provide differences in the explosive
energy produced by the explosion on the geometry and can
influence the stress received by the material and the force
absorbed during the explosion. This CONWEP simulation
used variations in the explosion load given to the geometry

Figure 18: (a) von Mises stress and (b) energy dissipation contour for a circular plate with geometry variations.
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Table 7: MADM criteria parameter values

Mass of TNT Geometry Thickness Material Annotation Deflection von mises stress Energy dissipation
C1 C2 C3

m5 G1 t1 Domex 700 steel I 1.34 × 10−02 1.17 × 1003 7.05 × 1000

m5 G1 t2 Domex 700 steel II 9.06 × 10−03 9.39 × 1002 2.93 × 1000

m5 G1 t3 Domex 700 steel III 6.60 × 10−03 9.18 × 1002 2.64 × 1000

m5 G1 t4 Domex 700 steel IV 5.16 × 10−03 9.11 × 1002 1.72 × 1000

m5 G1 t5 Domex 700 steel V 4.14 × 10−03 8.88 × 1002 1.22 × 1000

m5 G1 t1 1100 steel VI 1.35 × 10−02 1.18 × 1003 1.92 × 1001

m5 G1 t2 1100 steel VII 9.22 × 10−03 1.18 × 1003 1.90 × 1001

m5 G1 t3 1100 steel VIII 8.54 × 10−03 1.17 × 1003 1.69 × 1001

m5 G1 t4 1100 steel IX 6.83 × 10−03 1.16 × 1003 1.15 × 1001

m5 G1 t5 1100 steel X 5.69 × 10−03 1.14 × 1003 7.05 × 1000

m1 G1 t2 Domex 700 steel XI 3.55 × 10−03 8.67 × 1002 4.96 × 10−01

m2 G1 t2 Domex 700 steel XII 4.98 × 10−03 8.74 × 1002 8.40 × 10−01

m4 G1 t2 Domex 700 steel XIII 6.34 × 10−03 8.86 × 1002 1.18 × 1000

m5 G1 t2 Domex 700 steel XIV 7.65 × 10−03 8.97 × 1002 1.66 × 1000

m6 G1 t2 Domex 700 steel XV 9.06 × 10−03 9.14 × 1002 3.03 × 1000

m7 G1 t2 Domex 700 steel XVI 1.02 × 10−02 9.19 × 1002 3.52 × 1000

m1 G1 t2 1100 steel XVII 3.57 × 10−03 1.12 × 1003 4.86 × 1000

m2 G1 t2 1100 steel XVIII 5.00 × 10−03 1.13 × 1003 6.72 × 1000

m4 G1 t2 1100 steel XIX 6.38 × 10−03 1.15 × 1003 1.00 × 1001

m5 G1 t2 1100 steel XX 7.68 × 10−03 1.16 × 1003 1.04 × 1001

m6 G1 t2 1100 steel XXI 1.02 × 10−02 1.16 × 1003 1.28 × 1001

m7 G1 t2 1100 steel XXII 1.14 × 10−02 1.16 × 1003 1.41 × 1001

m1 G2 t2 Domex 700 steel XXIII 3.43 × 10−03 9.22 × 1002 3.39 × 1000

m2 G2 t2 Domex 700 steel XXIV 4.81 × 10−03 9.28 × 1002 3.95 × 1000

m3 G2 t2 Domex 700 steel XXV 6.11 × 10−03 9.33 × 1002 7.22 × 1000

m4 G2 t2 Domex 700 steel XXVI 7.37 × 10−03 9.58 × 1002 7.79 × 1000

m5 G2 t2 Domex 700 steel XXVII 8.62 × 10−03 9.65 × 1002 8.09 × 1000

m6 G2 t2 Domex 700 steel XXVIII 9.83 × 10−03 9.65 × 1002 1.11 × 1001

m7 G2 t2 Domex 700 steel XXIX 1.18 × 10−02 9.72 × 1002 1.16 × 1001

m1 G2 t2 1100 steel XXX 3.57 × 10−03 1.19 × 1003 1.74 × 1001

m2 G2 t2 1100 steel XXXI 5.01 × 10−03 1.20 × 1003 1.85 × 1001

m3 G2 t2 1100 steel XXXII 6.26 × 10−03 1.21 × 1003 1.93 × 1001

m4 G2 t2 1100 steel XXXIII 7.47 × 10−03 1.21 × 1003 2.34 × 1001

m5 G2 t2 1100 steel XXXIV 8.89 × 10−03 1.22 × 1003 3.45 × 1001

m6 G2 t2 1100 steel XXXV 1.01 × 10−02 1.23 × 1003 3.94 × 1001

m7 G2 t2 1100 steel XXXVI 1.12 × 10−02 1.26 × 1003 6.35 × 1001

m1 G3 t2 Domex 700 steel XXXVII 3.31 × 10−03 9.37 × 1002 4.33 × 1000

m2 G3 t2 Domex 700 steel XXXVIII 4.67 × 10−03 9.47 × 1002 7.33 × 1000

m3 G3 t2 Domex 700 steel XXXIX 5.92 × 10−03 9.56 × 1002 9.51 × 1000

m4 G3 t2 Domex 700 steel XL 7.15 × 10−03 9.64 × 1002 1.27 × 1001

m5 G3 t2 Domex 700 steel XLI 8.32 × 10−03 9.71 × 1002 1.83 × 1001

m6 G3 t2 Domex 700 steel XLII 9.47 × 10−03 9.80 × 1002 2.42 × 1001

m7 G3 t2 Domex 700 steel XLIII 1.06 × 10−02 9.93 × 1002 6.23 × 1001

m1 G3 t2 1100 steel XLIV 3.60 × 10−03 1.20 × 1003 3.36 × 1001

m2 G3 t2 1100 steel XLV 5.07 × 10−03 1.20 × 1003 3.64 × 1001

m3 G3 t2 1100 steel XLVI 6.27 × 10−03 1.23 × 1003 5.60 × 1001

m4 G3 t2 1100 steel XLVII 7.40 × 10−03 1.24 × 1003 7.03 × 1001

m5 G3 t2 1100 steel XLVIII 9.00 × 10−03 1.25 × 1003 7.95 × 1001

m6 G3 t2 1100 steel XLIX 1.02 × 10−02 1.25 × 1003 8.31 × 1001

m7 G3 t2 1100 steel L 1.13 × 10−02 1.25 × 1003 8.43 × 1001

m1 G4 t2 Domex 700 steel LI 3.54 × 10−03 8.13 × 1002 1.20 × 1000

m2 G4 t2 Domex 700 steel LII 4.97 × 10−03 8.91 × 1002 2.02 × 1000

m3 G4 t2 Domex 700 steel LIII 6.32 × 10−03 9.07 × 1002 2.67 × 1000

m4 G4 t2 Domex 700 steel LIV 7.62 × 10−03 9.19 × 1002 3.92 × 1000

m5 G4 t2 Domex 700 steel LV 8.84 × 10−03 9.28 × 1002 5.20 × 1000

(Continued)
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with two cross-stiffeners using the 1100 (D1100) steel mate-
rial. The explosion load ranged from 10 to 40 g of TNT to
determine the structural response exhibited by the geo-
metry. The explosion results for variations in the TNT
mass are shown in Figure 15.

Based on the deflection values obtained for the geome-
tries with varying explosion masses, it was revealed that
the explosion mass has a crucial role in the impact on the
geometry. It was observed that an explosion mass of 10 g pro-
duced a deflection of 3.51mm, which was the smallest deflec-
tion compared to an explosion mass of 40 g, which produced a
deflection of 11.34mm and was the most significant deflection
obtained for the geometry due to the explosion. This shows
that the mass of TNT has a crucial role in providing significant
deflection changes to the geometry’s ability to receive force
and then absorb the force to produce a deflection.

The structural response of the geometry to the received
von Mises stress and the energy dissipation were 1,421 Pa and
629.8 J. The analysis results showed that a TNT mass of 10 g
obtained after the explosion indicated that the energy dissi-
pation capability and the von Mises stress peaked at these
values. However, a TNT mass of 15–40 g showed a different
structural response because these values were obtained when
the explosion was not complete relative to the geometry. The
illustration of the von Mises stress and the energy dissipation
contours shown in Figures 15 and 16 can explain that a higher
explosion mass caused a higher von Mises stress value, thus
affecting the geometry’s ability to absorb energy and influen-
cing the deflection that occurred.

5.4 Results based on variations in geometry

Variations in the geometry significantly impacted the blast’s
structural response. In the numerical simulations with varia-
tions in the geometry, a stiffener on a circular platewas used to
analyze the influence received. These used aspects of deflec-
tion, von Mises stress, and energy dissipation. The number,
position, and spacing of the stiffener can substantially affect
the structural response to blast loading. Figure 17 shows the
deflection results obtained for each geometric variation.

Numerical simulations using the CONWEP method
were carried out on the geometry using Domex 1100
(D1100) steel material with an explosion load of 30 g. The
results of the deflection data showed that the largest deflec-
tion was obtained with an unstiffened circular plate, at
9.37 mm, and the smallest deflection was obtained for a
circular plate with one cross-stiffener, with a deflection
value of 9 mm. Through the deflection value obtained
due to the explosion, the von Mises stress value and the
energy absorbed by the geometry played a role in the
deflection of the geometry. It can be explained that the
structural response to geometric variations significantly
influenced the explosion, as illustrated in Figure 18.

The results of the numerical simulation data analysis
showed that variations in the geometry with stiffeners on
circular plates resulted in quite impressive differences in
the structural response in terms of the von Mises stress
and the energy dissipation at values of 1,120 Pa and 289 J.
This shows that the number and distance of stiffeners in

Table 7: Continued

Mass of TNT Geometry Thickness Material Annotation Deflection von mises stress Energy dissipation
C1 C2 C3

m6 G4 t2 Domex 700 steel LVI 9.26 × 10−03 9.33 × 1002 5.51 × 1000

m7 G4 t2 Domex 700 steel LVII 9.62 × 10−03 9.80 × 1002 6.05 × 1000

m1 G5 t2 Domex 700 steel LVIII 3.52 × 10−03 9.16 × 1002 4.07 × 1000

m2 G5 t2 Domex 700 steel LIX 4.92 × 10−03 9.29 × 1002 6.06 × 1000

m3 G5 t2 Domex 700 steel LX 6.27 × 10−03 9.42 × 1002 6.08 × 1000

m4 G5 t2 Domex 700 steel LXI 7.58 × 10−03 9.45 × 1002 6.93 × 1000

m5 G5 t2 Domex 700 steel LXII 8.83 × 10−03 9.51 × 1002 8.13 × 1000

m6 G5 t2 Domex 700 steel LXIII 9.69 × 10−03 9.54 × 1002 1.04 × 1001

m7 G5 t2 Domex 700 steel LXIV 1.01 × 10−02 9.60 × 1002 1.45 × 1001

m1 G5 t2 1100 steel LXV 3.51 × 10−03 1.17 × 1003 1.73 × 1001

m2 G5 t2 1100 steel LXVI 4.93 × 10−03 1.19 × 1003 2.61 × 1001

m3 G5 t2 1100 steel LXVII 6.29 × 10−03 1.19 × 1003 2.92 × 1001

m4 G5 t2 1100 steel LXVIII 7.61 × 10−03 1.22 × 1003 4.56 × 1001

m5 G5 t2 1100 steel LXIX 8.88 × 10−03 1.22 × 1003 5.50 × 1001

m6 G5 t2 1100 steel LXX 1.01 × 10−02 1.22 × 1003 5.53 × 1001

m7 G5 t2 1100 steel LXXI 1.13 × 10−02 1.23 × 1003 5.85 × 1001
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Table 8: MADM data normalization

Mass of TNT Geometry Thickness Material Annotation Deflection von Mises stress Energy dissipation
C1 C2 C3
0.00331 813.455 0.4958

m5 G1 t1 Domex 700 steel I 1.23 × 10−01 2.31 × 10−01 1.17 × 10−02

m5 G1 t2 Domex 700 steel II 4.51 × 10−02 2.00 × 10−01 1.99 × 10−03

m5 G1 t3 Domex 700 steel III 2.26 × 10−02 1.77 × 10−01 3.73 × 10−04

m5 G1 t4 Domex 700 steel IV 1.45 × 10−02 1.58 × 10−01 1.08 × 10−04

m5 G1 t5 Domex 700 steel V 1.16 × 10−02 1.45 × 10−01 4.37 × 10−05

m5 G1 t1 1100 steel VI 2.85 × 10−03 9.95 × 10−02 1.13 × 10−06

m5 G1 t2 1100 steel VII 1.02 × 10−03 6.87 × 10−02 2.94 × 10−08

m5 G1 t3 1100 steel VIII 3.97 × 10−04 4.76 × 10−02 8.61 × 10−10

m5 G1 t4 1100 steel IX 1.92 × 10−04 3.35 × 10−02 3.73 × 10−11

m5 G1 t5 1100 steel X 1.12 × 10−04 2.39 × 10−02 2.62 × 10−12

m1 G1 t2 Domex 700 steel XI 1.04 × 10−04 2.24 × 10−02 2.62 × 10−12

m2 G1 t2 Domex 700 steel XII 6.93 × 10−05 2.09 × 10−02 1.55 × 10−12

m4 G1 t2 Domex 700 steel XIII 3.62 × 10−05 1.92 × 10−02 6.53 × 10−13

m5 G1 t2 Domex 700 steel XIV 1.56 × 10−05 1.74 × 10−02 1.95 × 10−13

m6 G1 t2 Domex 700 steel XV 5.72 × 10−06 1.55 × 10−02 3.20 × 10−14

m7 G1 t2 Domex 700 steel XVI 1.86 × 10−06 1.37 × 10−02 4.50 × 10−15

m1 G1 t2 1100 steel XVII 1.73 × 10−06 9.96 × 10−03 4.60 × 10−16

m2 G1 t2 1100 steel XVIII 1.14 × 10−06 7.18 × 10−03 3.39 × 10−17

m4 G1 t2 1100 steel XIX 5.94 × 10−07 5.08 × 10−03 1.67 × 10−18

m5 G1 t2 1100 steel XX 2.56 × 10−07 3.57 × 10−03 7.99 × 10−20

m6 G1 t2 1100 steel XXI 8.30 × 10−08 2.50 × 10−03 3.09 × 10−21

m7 G1 t2 1100 steel XXII 2.41 × 10−08 1.75 × 10−03 1.08 × 10−22

m1 G2 t2 Domex 700 steel XXIII 2.32 × 10−08 1.54 × 10−03 1.58 × 10−23

m2 G2 t2 Domex 700 steel XXIV 1.60 × 10−08 1.35 × 10−03 1.99 × 10−24

m3 G2 t2 Domex 700 steel XXV 8.66 × 10−09 1.18 × 10−03 1.37 × 10−25

m4 G2 t2 Domex 700 steel XXVI 3.89 × 10−09 1.00 × 10−03 8.69 × 10−27

m5 G2 t2 Domex 700 steel XXVII 1.49 × 10−09 8.44 × 10−04 5.32 × 10−28

m6 G2 t2 Domex 700 steel XXVIII 5.03 × 10−10 7.11 × 10−04 2.38 × 10−29

m7 G2 t2 Domex 700 steel XXIX 1.41 × 10−10 5.95 × 10−04 1.02 × 10−30

m1 G2 t2 1100 steel XXX 1.31 × 10−10 4.07 × 10−04 2.91 × 10−32

m2 G2 t2 1100 steel XXXI 8.65 × 10−11 2.76 × 10−04 7.79 × 10−34

m3 G2 t2 1100 steel XXXII 4.58 × 10−11 1.86 × 10−04 2.00 × 10−35

m4 G2 t2 1100 steel XXXIII 2.03 × 10−11 1.25 × 10−04 4.24 × 10−37

m5 G2 t2 1100 steel XXXIV 7.55 × 10−12 8.33 × 10−05 6.08 × 10−39

m6 G2 t2 1100 steel XXXV 2.48 × 10−12 5.49 × 10−05 7.66 × 10−41

m7 G2 t2 1100 steel XXXVI 7.35 × 10−13 3.54 × 10−05 5.98 × 10−43

m1 G3 t2 Domex 700 steel XXXVII 7.35 × 10−13 3.07 × 10−05 6.85 × 10−44

m2 G3 t2 Domex 700 steel XXXVIII 5.21 × 10−13 2.64 × 10−05 4.63 × 10−45

m3 G3 t2 Domex 700 steel XXXIX 2.91 × 10−13 2.25 × 10−05 2.42 × 10−46

m4 G3 t2 Domex 700 steel XL 1.35 × 10−13 1.90 × 10−05 9.42 × 10−48

m5 G3 t2 Domex 700 steel XLI 5.37 × 10−14 1.59 × 10−05 2.56 × 10−49

m6 G3 t2 Domex 700 steel XLII 1.88 × 10−14 1.32 × 10−05 5.24 × 10−51

m7 G3 t2 Domex 700 steel XLIII 5.84 × 10−15 1.08 × 10−05 4.17 × 10−53

m1 G3 t2 1100 steel XLIV 5.37 × 10−15 7.32 × 10−06 6.16 × 10−55

m2 G3 t2 1100 steel XLV 3.51 × 10−15 4.95 × 10−06 8.40 × 10−57

m3 G3 t2 1100 steel XLVI 1.85 × 10−15 3.27 × 10−06 7.44 × 10−59

m4 G3 t2 1100 steel XLVII 8.28 × 10−16 2.14 × 10−06 5.24 × 10−61

m5 G3 t2 1100 steel XLVIII 3.05 × 10−16 1.39 × 10−06 3.27 × 10−63

m6 G3 t2 1100 steel XLIX 9.91 × 10−17 9.07 × 10−07 1.95 × 10−65

m7 G3 t2 1100 steel L 2.90 × 10−17 5.89 × 10−07 1.15 × 10−67

m1 G4 t2 Domex 700 steel LI 2.71 × 10−17 5.89 × 10−07 4.72 × 10−68

m2 G4 t2 Domex 700 steel LII 1.81 × 10−17 5.38 × 10−07 1.16 × 10−68

m3 G4 t2 Domex 700 steel LIII 9.46 × 10−18 4.82 × 10−07 2.15 × 10−69

m4 G4 t2 Domex 700 steel LIV 4.11 × 10−18 4.27 × 10−07 2.72 × 10−70
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the geometry affected the performance. The geometry
defines the ability of the structure to absorb energy
when receiving stress from outside. The areas that receive
the highest stress, on average, are at the end of the stiffeners
and the edge of the geometry due to being connected to the
clamp and experiencing energy absorption, resulting in
plastic deformation.

5.5 MADM analysis

MADM is an approach that is used to make decisions and
evaluate several alternatives based on relevant criteria.
The impact of the circular plate on blast loading was ana-
lyzed to validate the results of the numerical simulations
using the CONWEP method. There is an initial stage in
carrying out MADM, namely determining the score from
the parameters used and proceeding to the next stage by
entering the test result data according to the parameters
that have been determined. The parameters used in ana-
lyzing MADM were the deflection, von Mises stress, and
energy dissipation by taking the value of each criterion
when it reached 0.5 ms. The value data for each criterion
from the numerical simulation results are shown in
Table 7.

In the next stage, the inputted data were subjected to a
data normalization process for further analysis to avoid

data anomalies. For each criterion, which consisted of C1
(deflection), C2 (von Mises stress), and C3 (energy dissipa-
tion), the smallest data value was taken. This was chosen
because the smaller the deflection value, the smaller the
value of the von Mises stress and the energy dissipation, as
the force received and the energy absorbed did not cause
the deflection to become more significant. Therefore, the
structural response that occurred was considered better.
The data normalization results for each numerical simula-
tion data result are presented in Table 8.

After the data were normalized, the next stage was to
carry out assessment calculations on MADM, assuming that
the numerical simulation results with the highest score are
considered the best results. Then, after each data result
had been given a score, ranking was carried out to deter-
mine the numerical simulation results with the most sig-
nificant score values. The calculation results and data
ranking of the numerical simulation results are shown in
Table 9.

The ranked results were divided into fifths, and each
fifth consisted of 14 numerical simulations, from the smal-
lest to the largest. The larger value of the total weight
gained in each fifth indicated that the results obtained
were worse. Based on the above data, the best-ranked
results were in the first fifth, with annotations from LXXI
to LVIII and the lowest score of 6.176 × 10−09. The worst-
ranked result was in the last fifth, with annotations from
XV to I and a top score of 3.659 × 10−01.

Table 8: Continued

Mass of TNT Geometry Thickness Material Annotation Deflection von Mises stress Energy dissipation
C1 C2 C3
0.00331 813.455 0.4958

m5 G4 t2 Domex 700 steel LV 1.54 × 10−18 3.74 × 10−07 2.60 × 10−71

m6 G4 t2 Domex 700 steel LVI 5.50 × 10−19 3.26 × 10−07 2.34 × 10−72

m7 G4 t2 Domex 700 steel LVII 1.89 × 10−19 2.71 × 10−07 1.91 × 10−73

m1 G5 t2 Domex 700 steel LVIII 1.78 × 10−19 2.41 × 10−07 2.33 × 10−74

m2 G5 t2 Domex 700 steel LIX 1.20 × 10−19 2.11 × 10−07 1.91 × 10−75

m3 G5 t2 Domex 700 steel LX 6.32 × 10−20 1.82 × 10−07 1.56 × 10−76

m4 G5 t2 Domex 700 steel LXI 2.76 × 10−20 1.57 × 10−07 1.11 × 10−77

m5 G5 t2 Domex 700 steel LXII 1.03 × 10−20 1.34 × 10−07 6.79 × 10−79

m6 G5 t2 Domex 700 steel LXIII 3.53 × 10−21 1.14 × 10−07 3.24 × 10−80

m7 G5 t2 Domex 700 steel LXIV 1.15 × 10−21 9.68 × 10−08 1.11 × 10−81

m1 G5 t2 1100 steel LXV 1.09 × 10−21 6.73 × 10−08 3.17 × 10−83

m2 G5 t2 1100 steel LXVI 7.31 × 10−22 4.61 × 10−08 6.01 × 10−85

m3 G5 t2 1100 steel LXVII 3.85 × 10−22 3.14 × 10−08 1.02 × 10−86

m4 G5 t2 1100 steel LXVIII 1.67 × 10−22 2.10 × 10−08 1.11 × 10−88

m5 G5 t2 1100 steel LXIX 6.24 × 10−23 1.40 × 10−08 9.99 × 10−91

m6 G5 t2 1100 steel LXX 2.04 × 10−23 9.33 × 10−09 8.96 × 10−93

m7 G5 t2 1100 steel LXXI 5.95 × 10−24 6.18 × 10−09 7.60 × 10−95
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Table 9: Overall results and MADM ranking

Mass of TNT Geometry Thickness Material Annotation Total weight Ranking

m7 G5 t2 1100 steel LXXI 6.176 × 10−09 1
m6 G5 t2 1100 steel LXX 9.330 × 10−09 2
m5 G5 t2 1100 steel LXIX 1.400 × 10−08 3
m4 G5 t2 1100 steel LXVIII 2.098 × 10−08 4
m3 G5 t2 1100 steel LXVII 3.140 × 10−08 5
m2 G5 t2 1100 steel LXVI 4.607 × 10−08 6
m1 G5 t2 1100 steel LXV 6.726 × 10−08 7
m7 G5 t2 Domex 700 steel LXIV 9.677 × 10−08 8
m6 G5 t2 Domex 700 steel LXIII 1.143 × 10−07 9
m5 G5 t2 Domex 700 steel LXII 1.340 × 10−07 10
m4 G5 t2 Domex 700 steel LXI 1.567 × 10−07 11
m3 G5 t2 Domex 700 steel LX 1.821 × 10−07 12
m2 G5 t2 Domex 700 steel LIX 2.109 × 10−07 13
m1 G5 t2 Domex 700 steel LVIII 2.407 × 10−07 14
m7 G4 t2 Domex 700 steel LVII 2.711 × 10−07 15
m6 G4 t2 Domex 700 steel LVI 3.265 × 10−07 16
m5 G4 t2 Domex 700 steel LV 3.744 × 10−07 17
m4 G4 t2 Domex 700 steel LIV 4.271 × 10−07 18
m3 G4 t2 Domex 700 steel LIII 4.823 × 10−07 19
m2 G4 t2 Domex 700 steel LII 5.377 × 10−07 20
m1 G4 t2 Domex 700 steel LI 5.887 × 10−07 21
m7 G3 t2 1100 steel L 5.887 × 10−07 22
m6 G3 t2 1100 steel XLIX 9.075 × 10−07 23
m5 G3 t2 1100 steel XLVIII 1.394 × 10−06 24
m4 G3 t2 1100 steel XLVII 2.139 × 10−06 25
m3 G3 t2 1100 steel XLVI 3.267 × 10−06 26
m2 G3 t2 1100 steel XLV 4.949 × 10−06 27
m1 G3 t2 1100 steel XLIV 7.323 × 10−06 28
m7 G3 t2 Domex 700 steel XLIII 1.082 × 10−05 29
m6 G3 t2 Domex 700 steel XLII 1.320 × 10−05 30
m5 G3 t2 Domex 700 steel XLI 1.590 × 10−05 31
m4 G3 t2 Domex 700 steel XL 1.898 × 10−05 32
m3 G3 t2 Domex 700 steel XXXIX 2.248 × 10−05 33
m2 G3 t2 Domex 700 steel XXXVIII 2.642 × 10−05 34
m1 G3 t2 Domex 700 steel XXXVII 3.075 × 10−05 35
m7 G2 t2 1100 steel XXXVI 3.541 × 10−05 36
m6 G2 t2 1100 steel XXXV 5.488 × 10−05 37
m5 G2 t2 1100 steel XXXIV 8.327 × 10−05 38
m4 G2 t2 1100 steel XXXIII 1.245 × 10−04 39
m3 G2 t2 1100 steel XXXII 1.857 × 10−04 40
m2 G2 t2 1100 steel XXXI 2.761 × 10−04 41
m1 G2 t2 1100 steel XXX 4.067 × 10−04 42
m7 G2 t2 Domex 700 steel XXIX 5.951 × 10−04 43
m6 G2 t2 Domex 700 steel XXVIII 7.111 × 10−04 44
m5 G2 t2 Domex 700 steel XXVII 8.439 × 10−04 45
m4 G2 t2 Domex 700 steel XXVI 1.001 × 10−03 46
m3 G2 t2 Domex 700 steel XXV 1.179 × 10−03 47
m2 G2 t2 Domex 700 steel XXIV 1.352 × 10−03 48
m1 G2 t2 Domex 700 steel XXIII 1.543 × 10−03 49
m7 G1 t2 1100 steel XXII 1.749 × 10−03 50
m6 G1 t2 1100 steel XXI 2.504 × 10−03 51
m5 G1 t2 1100 steel XX 3.573 × 10−03 52
m4 G1 t2 1100 steel XIX 5.077 × 10−03 53
m2 G1 t2 1100 steel XVIII 7.182 × 10−03 54
m1 G1 t2 1100 steel XVII 9.962 × 10−03 55
m7 G1 t2 Domex 700 steel XVI 1.370 × 10−02 56
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5.6 Sensitivity analysis

The sensitivity analysis in this research used the regression
method to obtain the coefficient values, standard error, R-
squared value, P-value, and significant F-value, which
helped to analyze the impact of the variations in the mate-
rial, the mass of TNT, the thickness, and the geometry on
the explosions. In applying the sensitivity analysis, the
carbon content, mass of TNT, stiffener volume, and thick-
ness became the input variables for the variations in the

numerical simulation, which resulted in the deflection, von
Mises stress, and energy dissipation. A high R-squared value
indicates that a variable significantly influences the geo-
metric structural response. The coefficient value describes
how much a change in the independent variable contributes
to the average change in the dependent variable. The greater
the coefficient value, the more significant the influence of
variation on the numerical results.

The standard error value shows how far the average
value is from the regression line and how accurate the

Table 9: Continued

Mass of TNT Geometry Thickness Material Annotation Total weight Ranking

m6 G1 t2 Domex 700 steel XV 1.549 × 10−02 57
m5 G1 t2 Domex 700 steel XIV 1.741 × 10−02 58
m4 G1 t2 Domex 700 steel XIII 1.920 × 10−02 59
m2 G1 t2 Domex 700 steel XII 2.094 × 10−02 60
m1 G1 t2 Domex 700 steel XI 2.254 × 10−02 61
m5 G1 t5 1100 steel X 2.403 × 10−02 62
m5 G1 t4 1100 steel IX 3.366 × 10−02 63
m5 G1 t3 1100 steel VIII 4.798 × 10−02 64
m5 G1 t2 1100 steel VII 6.975 × 10−02 65
m5 G1 t1 1100 steel VI 1.024 × 10−01 66
m5 G1 t5 Domex 700 steel V 1.565 × 10−01 67
m5 G1 t4 Domex 700 steel IV 1.728 × 10−01 68
m5 G1 t3 Domex 700 steel III 2.001 × 10−01 69
m5 G1 t2 Domex 700 steel II 2.469 × 10−01 70
m5 G1 t1 Domex 700 steel I 3.659 × 10−01 71

Table 10: Sensitivity analysis of criteria

Variable

Indicator Thickness Mass of TNT %C Stiffener volume

Deflection
Coefficient −1.14 × 10−03 1.22 × 10−03 1.10 × 10−02 −1.91 × 10−07

Standard error 2.53 × 10−03 2.53 × 10−03 2.63 × 10−03 2.63 × 10−03

P-values 1.83 × 10−02 7.33 × 10−25 4.86 × 10−01 7.54 × 10−01

R-squared value 7.81 × 10−02 7.87 × 10−01 7.06 × 10−03 1.43 × 10−03

Significant F-value 1.83 × 10−02 7.33 × 10−25 4.86 × 10−01 7.54 × 10−01

Stress
Coefficient −2.08 × 1001 2.12 × 1000 6.50 × 1003 1.40 × 10−02

Standard error 1.39 × 1002 1.38 × 1002 4.69 × 1001 1.39 × 1002

P-values 4.25 × 10−01 2.19 × 10−01 2.41 × 10−34 6.63 × 10−01

R-squared value 9.23 × 10−03 2.18 × 10−02 8.87 × 10−01 2.76 × 10−03

Significant F-value 4.25 × 10−01 2.19 × 10−01 2.41 × 10−34 6.63 × 10−01

Energy dissipation
Coefficient −5.24 × 1000 7.49 × 10−01 6.50 × 1002 1.30 × 10−02

Standard error 2.19 × 1001 2.10 × 1001 1.79 × 1001 2.11 × 1001

P-values 2.06 × 10−01 5.38 × 10−03 5.63 × 10−08 9.19 × 10−03

R-squared value 2.31 × 10−02 1.07 × 10−01 3.50 × 10−01 9.43 × 10−02

Significant F-value 2.06 × 10−01 5.38 × 10−03 5.63 × 10−08 9.19 × 10−03
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regression line is at predicting the response variable. The
significant F-value in the regression analysis shows the
extent to which the regression model fits the observed
data compared to models that do not use predictor vari-
ables. The lower the significant F-value, the greater the
impact of the variations on the final results produced by
the regression model. The results of the sensitivity analysis
of the criteria are shown in Table 10.

Based on the data above, the deflection criterion showed
that themass of TNT had a significant effect, as it obtained the
highest R-squared value and the smallest significant F-value.
In addition, the larger coefficient, standard error, and P-
values indicated that the mass of TNT had little influence
on the final results. The sensitivity analysis results on the
von Mises stress criterion showed that the carbon content
had a significant influence due to having the highest R-
squared value and the smallest significant F-value. In addi-
tion, the smaller coefficient, standard error, and P-values for
the von Mises stress criterion indicated that the carbon
content significantly influenced the final result. The energy
dissipation criterion showed that the carbon content had a
significant effect because it had the largest R-squared value
and the smallest significant F-value. In addition, a larger
coefficient value indicated that the carbon content had little
influence on the results. Meanwhile, the P-value and standard
error, which became smaller, indicated that the different
carbon content had an influence and an impact on the final
results. Thus, changes in the mass of TNT significantly
impacted the deflection. Meanwhile, the carbon content had
an impact on the stress and energy dissipation in the geometry.

6 Conclusions

This research aimed to comprehensively analyze and eval-
uate the structural response performance of circular plates
with geometric variations combined with various para-
meters against explosions.
1. Each numerical simulation with various combinations

yielded results that significantly affected the geometry. In
addition, the numerical simulation results were validated
using the MADM method and a sensitivity analysis.

2. In the MADM process, the best simulation results were
obtained with annotations from LXXI to LVIII and the
lowest score of 6.176 × 10−09. The results with the worst
ranking were in the fifth to last position, with annota-
tions from XV to I and the highest score of 3.659 × 10−01.
The geometry of the circular plate and two cross-stif-
feners in this variation obtained the smallest and largest
von Mises stress, deflection, and energy dissipation from

a total of 71 numerical simulation data results, thereby
demonstrating the structural response performance of
the circular plate to an explosion.

3. The sensitivity analysis explained that the mass of TNT
and the carbon content in the material significantly
influenced the numerical simulation results in produ-
cing von Mises stress, deflection, and energy dissipation.
This explains that the stress and energy dissipation
values influence the amount of deflection. The mass of
TNT and the carbon content can also affect these three
values.
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