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ABSTRACT

Numerical simulation study to predict the transient (maximum) deformation of a rolled homogeneous armor plate which
was loaded by the explosion of spherical trinitrotoluene bomb by using the ‘load blast enhanced’ and ‘structured
arbitrary langragian eulerian’ methodologies in LS-DYNA is reported in this paper. Three numerical simulation models
that utilized the ‘load blast enhanced’ and three numerical simulation models that utilized the ‘structured arbitrary
langragian eulerian’ methodologies in LS-DYNA were produced and their results were used to predict and validate the
deformations of three blast experimental tests of rolled homogeneous armor plates obtained from a published paper.
This study showed that the numerical simulation results from the ‘load blast enhanced’ methodology gave better
agreement than the ‘structured arbitrary langragian eulerian’ methodology with an average percentage differences of
around 17% for all three cases.

Keywords: Load blast enhanced, structured arbitrary langrangian eulerian; blast loading; numerical simulation, TNT;
LS-DYNA

ABSTRAK

Kajian simulasi berangka untuk meramalkan ubah bentuk sementara (maksimum) plat perisai homogen bergulung yang
dimuatkan oleh letupan bom trinitrotoluena sfera dengan menggunakan metodologi ‘beban letupan dipertingkatkan’
dan ‘struktur rawak langrangian eulerian’ di dalam LS-DYNA dilaporkan dalam kertas ini. Tiga model simulasi
berangka yang menggunakan ‘beban letupan dipertingkatkan’ dan tiga model simulasi berangka yang menggunakan
metodologi ‘struktur rawak langrangian eulerian’ di dalam LS-DYNA dihasilkan dan hasilnya digunakan untuk
meramalkan dan mengesahkan ubah bentuk tiga ujian eksperimen letupan plat perisai homogen bergulung yang
diperoleh daripada kertas yang diterbitkan. Hasil kajian menunjukkan bahawa hasil simulasi berangka dari metodologi
‘beban letupan dipertingkatkan’ memberi persetujuan yang lebih baik daripada metodologi “struktur rawak langrangian
eulerian’ terstruktur dengan perbezaan peratusan purata sekitar 17% untuk ketiga-tiga kes.

Kata kunci: Beban beban ditingkatkan; eulerian langrangian rawak berstruktur, pemuatan letupan; simulasi berangka;
TNT; LS-DYNA
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INTRODUCTION

Quite recently, a massive accidental explosion occurred at
the city of Beirut (Figure 1), Lebanon killing around 200
people, injuring around 5 000 people and around 30 000
people lost their homes (BBC 2020). The huge accidental
explosion was caused by the detonation of 2 750 tons of
ammonium nitrate that were stored at the port of Beirut
since 2013. The fatal shockwave of the explosion travelled
in a spherical direction damaging glass buildings as far as
9 km from ground zero. Research publications (Chiquito
et al. 2020; Gannon 2019; Huang et al. 2019; Kong et al.
2020; Li et al. 2020; Pratomo et al. 2020; Qin et al. 2020;
Su et al. 2021; Wu et al. 2020; Zhu et al. 2020) on the
numerical simulations of blast related scenarios are quite
vast in the open literature due to the high cost, high level
of difficulties, and lots of safety issues in performing real
physical experimental blast tests. With the advancement
of computational hardware and software technologies,
users can now utilize numerical simulations to perform
and solve comprehensive and complex engineering
problems that integrates structural as well as fluid
interactions in their analysis (Faucher et al. 2019; Hughes
etal. 2013; Nguyen & Gatzhammer 2015; Spinosa & lafrati
2021; Yu & Jeong 2016; Yuan et al. 2017).
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FIGURE 1. The aftermath of the city of Beirut, Lebanon after
a huge explosion that occured on 4th August 2020 due to
the accidental detonation of 2,750 tons of ammonium nitrate
chemical compound
Source: BBC (2020)

The objective of this paper is to utilize numerical
simulation analysis software (LS-DYNA 2020) in order to
predict three transient deformation results of performed
experimental blast tests from a published paper (Neuberger
et al. 2009). Neuberger et al. (2009) performed three
experimental spherical trinitrotoluene (TNT) bomb tests
that were situated on top of circular rolled homogeneous
armor (RHA) plates by varying the masses of the TNT
bombs and standoff distances of the TNT bombs with the

top surfaces of the RHA plates. They performed three
experimental blast tests in order to investigate and acquire
the maximum transient deformations (that had greater
magnitude as compared to its final deformation) experienced
by the RHA plate in the very early stages of the blast
loading before it vibrates and achieved its final deformations.
Two methods of numerical simulation analyses (LS-DYNA
2020) utilizing the ‘load blast enhanced (LBE)’ and
‘structured arbitrary eulerian langrangian (S-ALE)’
technics will be employed in order to predict the maximum
transient deformations experienced by the three
experimental tests (Neuberger et al. 2009). These numerical
simulations predictions will then be compared and
discussed against the published experimental tests data.

METHODOLOGY

EXPERIMENTAL TEST

Neuberger et al. (2009) conducted three experimental blast
tests on an exposed circular RHA plate with a diameter of
1 m. Figure 2 shows a square RHA plate clamped and
bolted tightly between two thick clamp plates. A spherical
TNT bomb is located right at the center of the RHA plate
suspended in air by four wooden pyramid-shaped that acts
as temporary support with the whole structure placed on a
rigid concrete base. The TNT bomb was then detonated
and it deformed the RHA plate underneath. Figure 3 shows
the cross-sectional diagram of the experimental test rig in
a two-dimensional view. It could be observed that the
spherical TNT bomb was placed at the center of the circular
RHA plate, all of the thickness of the RHA plates used in
the experimental tests were 20 mm, ‘3T’ is the maximum
transient deformation and the value of ‘R’ represents the
standoff distance i.e., a length between the central point of
the spherical TNT bomb and the top surface of the RHA
plate. Figure 4 shows the bottom view of the RHA plate
after the completion of the blast test that represents the
final deformation of the RHA plate. Table 1 shows the
mechanical properties of the RHA together with its
dynamic mechanical properties to represent the strain rate
effects (Cowper-Symonds equation) used in the
experimental blast tests. Table 2 shows the three types of
different experimental tests with their respective TNT
weights and standoff distances and maximum transient
deformations that were obtained during the performed blast
tests which will be the main values that will be used to
compare and validate the numerical simulation predictions
obtained by using the LBE and S-ALE methodologies.
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FIGURE 2. The experimental test rig of the fully clamped
rolled homogeneous armor steel plate against the spherical
TNT explosion
Source: Neuberger et al. (2009)
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FIGURE 4. The final deformation of the rolled homogeneous armor steel plate
for Case ‘B’, with a standoff distance of 200 mm, 8.75 kg of TNT and 20 mm of
plate thickness
Source: Neuberger et al. (2009)

TABLE 1. The mechanical properties of RHA plate

Density (kg/m?) 7860
Young’s modulus (GPa) 210
Poisson’s ratio 0.28
Strain hardening modulus 6.5
(GPa)

Thickness of RHA plate (m) 0.02
Yield strength (MPa) 950
Cowper-Symonds ‘C’ 300

constant (s)
Cowper-Symonds ‘p’ 5
constant

Source: Neuberger et al. (2009)

TABLE 2. The three different types of experimental tests data
with their respective magnitudes of the maximum transient
defomations as performed by Neuberger and his co-authors

(Neuberger et al., 2009)

Test case  Weight of Standoff Experimental test
TNT (kg) distance data for transient
(mm) deformation,*s,’
(mm)
A 3.75 200 54
B 8.75 200 107

C 8.75 130 165
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NUMERICAL SIMULATION

LS-DYNA, a numerical simulation software capable of
performing explicit and implicit nonlinear analysis,
developed by Livermore Software Technology Corporation,
USA (LS-DYNA 2020) was utilized in this study to predict
the maximum transient deformations of the RHA plates by
using the LBE and the S-ALE methodologies. The
following paragraphs will describe the steps to model the
numerical simulation analysis of the blast loading of the
RHA plate and will be presented in two different
subsections for LBE and S-ALE, respectively.

NUMERICAL SIMULATION: LOAD BLAST
ENHANCED

Figure 5 shows the circular plate geometry to represent the
physical RHA circular plate as used in the performed experimental
test (see Figure 2 and Figure 3). 1 548 shell elements were used
to construct the circular RHA plate that was 1 m in diameter. In
the LBE methodology, the modeling of the spherical TNT was
represented by a central point located above point B1 with the
appropriate standoff distance. The mechanical properties utilized
in the numerical simulation analysis are as listed in Table 1. The
shell elements were of 20 mm in thickness, utilized Belytschko-
Tsay shell element formulations, the number of through shell
thickness integration points was ‘2’ and Equation number 2’ was
utilized to represent the top surface of shell elements. In order to
represent the clamping conditions of the RHA plate, whereby the
circumference of the RHA plate was fully clamped as shown in
Figure 3, a similar step was performed on the numerical
simulation model i.e., the circumferential circular plate was fully
fixed in the translational x, y, z and rotational rx, ry, rz directions.
The ‘control termination’ of the model used was 30 ms to
represent the complete blast loading scenario of the RHA plate,
a ‘timestep’ of 1.0 E-5 to capture the deformations of the blast
loadings’ events and a ‘database ds3plot’ of 1.0E-05 was used
to record the animations of the blast loadings’ deformations. The
numerical simulation model was then submitted and processed
in LS-DYNA (LS-DYNA 2020) by using Intel (R) Core (TM)
i7-6820HQ CPU @ 2.70 GHz 2.70 GHz 16.0 GB, 64-bit operating
system, x64-based processor hardware, an overall a time duration
of around 30 minutes was utilized for each model.



FIGURE 5. The geometry and elements constructions of the
RHA plate in the numerical simulation utilizing the LBE
methodology

NUMERICAL SIMULATION: STRUCTURED
ARBITRARY LANGRANGIAN EULERIAN

Figure 6 shows the circular plate representing the circular RHA
plate as used in the experimental blast test (see Figure 2). The
circular plate was made up of 1 548 shell elements with 1 m in
diameter, one solid element of spherical TNT bomb and one solid
set of three-dimensional cube of air elements. In the S-ALE
methodology, there were three parts that had to be modelled i.ce.,
the RHA plate (lagrangian), the spherical TNT (S-ALE), and the
surrounding air (S-ALE) (see Figure 7). The spherical TNT bomb
was placed above the central position of the circular RHA plate,
both of these parts will be located inside a three-dimensional
square element of air. Table 1 shows the mechanical properties
of the circular RHA plate while the material properties and the
equation of states for the air and TNT, respectively are as shown
in Table 3. The circular RHA plate was fully fixed in the
translational x, y, z and rotational rx, ry, rz directions to replicate
the actual clamping scenario as observed during the performed
experimental blast loading test. The ‘constrained lagrange in
solid’ function was used to establish the S-ALE contact conditions
between the RHA plate and the air and the RHA plate and the
TNT bomb. The placement of all three parts i.e., shell elements
of RHA plate, solid elements of TNT bomb, and solid elements
of air were determined by using the ‘initial volume fraction
geometry’ function whereby both the circular RHA plate and the
spherical TNT bomb were placed and located at their respective
coordinates inside the three-dimensional square air elements.
Similar parameters of ‘control termination’, ‘timestep’,
‘database d3plot’, and computer hardware were used in the LBE
analyses were also used in the S-ALE analyses to process the
numerical simulation models and on average the processing time
of each of the three analyses was around 80 minutes.
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FIGURE 6. The circular geometry of the RHA plate and the
spherical TNT bomb in the numerical simulation utilizing the
S-ALE methodology
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FIGURE 7. The circular geometry of the RHA plate and
S-ALE three dimensional meshes of air in the numerical
simulation utilizing the S-ALE methodology

TABLE 3. Material properties and equation of states for air and
TNT

MAT NULL
Density=1.225 kg/m?
EOS _LINEAR POLYNOMIAL

Air
C,=0 C=0 C=0
C=0 C,=0.4 C=0.4
C=0 E;=253.4E3
MAT_HIGH_
EXPLOSIVE
BURN
Density= D=6930 ms! PCJ=21.0E9
1630 kg/m® N/m?
TNT EOS_JWL
A=371.20E9 B=3.231E9 R =4.15
R,=0.95 Omega=0.30 E;=7.0E9

Source: Dobratz & Crawford (1985)



RESULTS AND DISCUSSION

The numerical simulation results consist of six sets of
diagrams are as shown in Figure 8 to Figure 19, each set
consists of a diagram that describes the deformation
patterns of the plate in the negative Z-axis direction (see
Figure 8) and followed by the Z-axis displacement versus
time graph (Figure 9) for Case A utilizing the LBE
methodology for the first two figures and this order of
presentation continues for the rest of the other five sets of
numerical simulation analysis results in predicting the
maximum transient deformations of the three experimental
tests blast loadings data as conducted by Neuberger et al.
(2009). Figure 8 shows the circular deformation patterns
of'the RHA plate due to the explosion of the spherical TNT
bomb located at the central portion of the RHA plate. When
a spherical TNT bomb explodes, the high pressure of
explosive shockwaves travels outwards in a spherical
expansion and away from the point source (Smith &
Hetherington 1994), thus the circular deformation patterns
that could be observed on the RHA plate are consistent
with the very nature of the explosion behavior. Figure 9
shows the deformation histories of the central point of the
RHA plate for a duration of 30 ms, when the shockwave
of the explosion hits the central part of the RHA plate, the
RHA deforms in the negative Z-direction reaching a
maximum transient deformation magnitude of around -45.7
mm. This maximum transient deformation is the maximum
amount of deformation experienced by the RHA plate and
all six numerical simulation analysis predictions by using
the LBE and S-ALE methodologies will be used to predict
and compare against the maximum transient deformation
values obtained from the performed experimental tests data
(Neuberger et al. 2009).
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FIGURE 8. The Z-displacement patterns for Case A by
utilizing the LBE methodology
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FIGURE 9. The Z-displacement vs time graph

for Case A by utilizing the LBE methodology
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FIGURE 11. The Z-displacement vs time graph for

Case B by utilizing the LBE methodology

CASE C LBE 2 diplacement

Time =

Contours of Z-displacement
min=-0.107257, at nodes 1333
max=0, at node# 1296

0.03

FIGURE 12. The Z-displacement patterns for Case C
by utilizing the LBE methodology
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FIGURE 13. The Z-displacement vs time graph for Case C by
utilizing the LBE methodology

S ALE CASE A Lanptacemers
Time = 0.030001 1522
Contours of Z-displacement R
atnoded 324 A
, Max=0.0353971, at node# 343 Py
o P
E;. (R
1 10009 Part S-ALE mesh ey
140

FIGURE 14. The Z-displacement patterns for Case A by
utilizing the S-ALE methodology
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FIGURE 15. The Z-displacement vs time graph for Case
A by utilizing the S-ALE methodology
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FIGURE 16. The Z-displacement patterns for
Case B by utilizing the S-ALE methodology
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FIGURE 17. The Z-displacement vs time graph for
Case B by utilizing the S-ALE methodology
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FIGURE 18. The Z-displacement patterns for
Case C by utilizing the S-ALE methodology
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FIGURE 19. The Z-displacement vs time graph for Case C
by utilizing the S-ALE methodology

Table 4 shows the complete numerical simulations
results that utilized the LBE and S-ALE methodologies to
predict the maximum transient central point deformations
of'the RHA plate obtained from the published experimental
tests (Neuberger et al. 2009). Three maximum transient
deformations results produced by the numerical simulations
results that utilized LBE methodologies and three
maximum transient deformations results produced by the
numerical simulations results that utilized S-ALE
methodologies had been produced and compared against
the experimental data for Test Cases A, B and C with their
respective percentage differences being calculated.
Overall, it could be observed that the numerical simulations
analysis that utilized LBE methology gave good agreement
with the experimental results as compared to the numerical
simulations analysis that utilized S-ALE methodology,



where all of the three results from the S-ALE methodology
underpredicts the experimental results by a factor of 2.
The LBE methodology is a simplified version of
simulating blast loading scenarios in LS-DYNA whereby
empirical pressure loads are applied directly to a
‘langragian’ structure and had a scaled distance validity
from 0.05 m/kgl/3 to 40 m/kgl/3 and since the scaled
distance of all three models construted by using the LBE
methodoloy in this study are within this range, thus it can
produce good predictions. One factor that contributed to
the differences between both numerical simulations
methodologies and the experimental tests data was the
application of boundary conditions of the numerical
simulations models. Figure 2 and Figure 4 show the real
physical scenario of the RHA clamped into the rigid test
rig. It could be seen that the square RHA plate was clamped
by two thick plates, six pair of bolts and nuts around the
circumference of the circular RHA plate, and four square
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pillars that rigidly fixed the RHA plate in its position
throughout the experimental test. Unfortunately, Neuberger
et al. (2009) did not specify the dimensions and locations
detail of the bolts, nuts, and the four square pillars of the
test rig, thus for this study, only the circular RHA plate of
1 m in diameter with 20 mm in thickness was modeled and
was fixed around its circumference to closely represent the
boundary conditions of the RHA plate being rigidly fixed
during the experimental test (see Figure 5 and Figure 6).
On the other hand, the S-ALE method is a ‘relatively’ new
method introduced in LS-DYNA for the past few years.
The set up of S-ALE related numerical simulations model
is more complex than LBE and the processing time for
S-ALE model takes longer to be solved. The coupling
between the ‘langrangian’ part with the ‘eulerian’ part also
had more parameters that had to be taken care of, thus
making the predictions of S-ALE model less accurate.

TABLE 4. Final central deformation of rolled homogeneous armor steel plate due to TNT explosion; experimental (Neuberger et al.
2009) and numerical simulation comparisons

Test case Weight of Standoff Experimental ~ LS-DYNA % Difference =~ LS-DYNA % Difference
TNT (kg) distance (mm) test data for numerical numerical
transient simulation simulation
deformation  for transient for transient
(mm) deformation deformation
(Neuberger et by using using
al., 2009) *Load Blast *Structured
Enhanced Arbitrary
(mm) Langrangian
Eulerian
(mm)
A 3.75 200 200 45.7 -15.37 31.1 -42.40
B 8.75 200 200 101 -5.61 60.5 -43.45
C 8.75 130 130 115 -30.30 81.7 -50.48
CONCLUSIONS ACKNOWLEDGEMENTS

Two types of numerical simulations analysis utilizing the
LBE and S-ALE methodologies have been presented in
this study to predict the experimental tests data of three
maximum transient deformations magnitudes of deformed
circular surface area of RHA plate from a published paper
(Neuberger et al. 2009). Results from the LBE methodology
gave better agreement with respect to the published
experimental tests data as compared to the S-ALE
methodology because the LBE method is based on an
empirical test data that could give reliable results even
though it has workable range limits; conversely, the S-ALE
method is more difficult to model and has a lot of complex
parameters to deal with due to its coupling behavior.
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