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ARTICLE HISTORY In this current study, a numerical simulation approach is employed to investigate
Received :12-10-2024 the post-impact behaviours of a blunt cylindrical projectile colliding with a fully
Revised :16-12-2024 clamped and bolted square plate made of 2024-T351 aluminium alloy. The plate has
Accepted :04-03-2025 a circular perimeter with a diameter of 116 mm, and its top surface is oriented at a
Published :31-05-2025 right angle to the incoming projectile. Various initial velocities are applied to rigid
projectiles, which impact plates of thicknesses ranging from 2 mm to 8 mm, all made
KEYWORDS from 2024-T351 aluminium alloy. A total of forty-four numerical simulation
Ballistic analyses are conducted to study the impacts of blunt cylindrical projectiles on these
Impact aluminium alloy plates. The results show excellent agreement with an average
LS-DYNA difference of 15.04 % when compared to published experimental test data,
Numerical Simulation validating the accuracy of the numerical simulations.
Projectile

1.0 INTRODUCTION

Studies on protective structures against impact loadings are well established and published all around the
world. Circular aluminium plates with geometrical imperfections impacted at low velocity had been
investigated numerically and experimentally, in their paper they found out that intact plate was more tough
for low velocity impact for stiffer types of materials [1-3]. The investigation of the performances of
aluminium alloy plates against bullet impact at different velocities and thicknesses had been performed
numerically, they observed that if a bullet’s speed of 720 km/h hits a target plate, the target plate will
experience total perforation even though the plates’ thicknesses were increased [4-6]. Borvick et al [7]
studied the effects of 90 degrees and angled impact of bullet against aluminium plate via the experimental
and numerical simulation methodologies, they found out that the optimum angle of impact was 60 degrees
where the bullet impact gradually changes from perforation to bouncing of bullet hit at 90 degrees and the
angled target plate.

The mode of deformations of transparent armour against countless bullet hits had been studied
experimentally [8-10], their study deduced that in the in-plane direction of the target plate, the failure of
the target plate propagates in the outward directions from the impact central location due to the existence
of circumferential failure that stopped the progression of radial failures. The failure of glass plates due to
impact loadings have been studied numerically by utilizing the peridynamics approach [11-13], they
observed that good agreements were produced between the coefficient of restitution and the model
predictions. Yuan et al [14] investigated the dynamic performances of bullet impact against gelatine
incorporated shield target to further understand the injuries towards the human bodies, they discovered
that nearly 50.00 % of the kinetic energy was absorbed by the target shield while the other 50.00 % of the
kinetic energy was absorbed by the gelatine. The study of three-dimensional printed layered plate against
high-speed impact bullet had been performed by utilizing the numerical simulation and mathematical
approaches [15-16], they observed that a layered sets of plates had managed to reduce the residual velocity
of the bullet as compared to a single target plate of the same thickness. Elveli et al [17], investigated the
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efficiencies of small projectiles impacting thin blastloaded steel plates, they observed that with the increase
in the stiffness of the target plate, the overall failure reduced greatly, and the specific failure of an area
surged. The effects of gravity induced bullet impact against human'’s skull have been studied by using the
numerical simulations by Celik and Koc [18], they discovered that a bullet that falls freely under gravity
could cause fatal injuries to human skull.

Among the important points that are presently being researched and had been investigated in the
studies of projectiles impacts on target plates are the material properties of the projectile and target plate,
the initial velocity of the projectile, the residual velocity of the projectile after impact, the geometrical
shapes of the projectiles’ heads, the cross sectional geometry of the projectile’s body, the angle of impact of
the projectile upon impacting the target plate, the thickness of the target plate, the layered thicknesses of
the target plate and the pattern of deformation of the target plate upon impact. Experimental tests that
required advanced apparatus, analytical formulations to predict certain outputs of the impact scenarios
and numerical simulations that can modelled the projectile and target plate in three-dimensional degree of
freedoms could be utilized to study the phenomena of projectile impact on a target plate. Numerical
simulation analysis of blunt cylindrical projectile against the 2024-T351 aluminium alloy plate was
employed in this study to acquire the predicted residual velocities and the predicted the patterns of
deformations of the target plate due to its superiority in providing various predictions of outputs in three-
dimensional degree of freedoms. Experimental tests data of blunt cylindrical projectile against the
2024-T351 aluminium alloy plate from published paper [19-20] will be used to validate the predicted
numerical simulations analyses to maintain and preserve the accuracy of the predictions.

2.0 NUMERICAL SIMULATION METHODOLOGY

This section describes the steps taken to model the impact phenomena of the blunt cylindrical projectile
against the 2024-T351 aluminium alloy plate by using the LS-PREPOST and LS-DYNA numerical simulation
software. Before the numerical simulation steps are described in great detail, a published work on
experimental test of a high speed impact of blunt cylindrical projectile against aluminium alloy plate [19]
was selected for this validation study and will be fully described and utilized in this paper as a reference or
as a case study in order to get a better understanding of the components that will be modelled and analysed
in the numerical simulation analysis validation process. Once the blunt projectile and aluminium plate had
been successfully modelled and analysed in LS-PREPOST and LS-DYNA numerical simulation software, the
experimental tests data from the published work [19] will be used to validate on the accuracy of the
numerical simulation predictions after it has been processed by LS-DYNA. Figure 1 shows a one stage gas
gun [19] that was utilized to launch the blunt cylindrical projectile impacting against the 2024-T351
aluminium alloy plate; the gas system consists of a pressurized chamber, a launch tube, a laser velocity
meter, an impact chamber, a blunt cylindrical projectile, a 2024-T351 aluminium alloy plate as the target
plate and a high speed camera. The laser velocity measured the initial velocity of the blunt cylindrical
projectile; the initial velocity of the gas gun can be varied by varying the gas in the pressurized chamber.
After the blunt cylindrical projectile impacted and perforated the 2024-T351 aluminium alloy plate, the
velocity that passed the target plate was known as the residual velocity and the magnitude of the residual
velocity was measured by the high-speed camera.

Part label Name
1 Pressurized chamber
2 Launch tube
3 Laser velocimeter
4 Impact chamber
5 Projectile
6 Target
7 High speed camera

Figure 1. Experimental setup of the high-speed impact of blunt projectile against 2024-T351
aluminium alloy plates [19]
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The 2024-T351 aluminium alloy plate that was used in the experimental tests was made of 130.00 mm
x 130.00 mm square geometry with four different thicknesses i.e. 2.00 mm, 4.00 mm, 4.82 mm and 8 mm
in Figure 2. The 2024-T351 aluminium alloy plate was clamped in between two steel frames by using 12
units x 6.00 mm in diameter bolts around its circumferential exposing an area of 116 mm diameter circular
plate. Only one type of rigid blunt cylindrical projectile was utilized in the experimental tests performed i.e.
12.66 mm in diameter x 50.66 mm in height as in Figure 2 and Table 2. The rigid blunt cylindrical projectile
was launched by the pressurized chamber and the launch tube in Figure 1; impacted the 2024-T351
aluminium alloy plate at the central location of the circular plate at a right-angle direction to the surface of
the target plate. Table 1 shows a total of 44 number of experimental impact tests performed on the four
different thicknesses of the target plate. The first test consisted of 12 A-series i.e. 12 different initial
velocities of the rigid blunt cylindrical projectile impacted against a 2 mm target plate, the second test
consisted of 9 B-series i.e. 9 different initial velocities of the rigid blunt cylindrical projectile impacted
against a 4 mm target plate, the third test consisted of 11 B-series i.e. 11 different initial velocities of the
rigid blunt cylindrical projectile impacted against a 4.28 mm target plate and finally the fourth test
consisted of 12 A-series i.e. 12 different initial velocities of the rigid blunt cylindrical projectile impacted
against a 8.00 mm target plate. All 44 numbers of experimental impact tests’ residual velocities and their
respective mode of deformations were recorded and will be utilized for the numerical simulation validation
process in this section.
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Figure 2. The geometries of the 2024-T351 aluminium alloy plate and the blunt projectile [19]

Table 1. Test numbers and the four respective thicknesses of 2024-T351 aluminium alloy plates [19]
Test numbers of series Thickness of plate (mm)

Alto A12 2.00
B1to B9 4.00
C1ltoC11 4.28
D1to D12 8.00

Table 2. Parameters of the rigid blunt projectile [19]

Geometry Diameter (mm) Length (mm)
Cylindrical solid of blunt 12.66 50.56
projectile

A full three-dimensional model of rigid blunt cylindrical projectile together with the 2024-T351
aluminium alloy plate were modelled by using LS-PREPOST numerical simulation software. The projectile
was modelled by utilizing 2,550 rigid elements and the target plate was modelled by using 993,270
deformable constant stress solid elements. To replicate the clamping mechanism around the circumference
of the circular plate; *BOUNDARY SPC SET was used to fully clamped the circumferential edges of the target
plate in the x, y and z translational and in the x, y, z rotational directions. *CONTACT AUTOMATIC SINGLE
SURFACE was employed to introduce the contact properties when impact phenomenon occurred i.e. when
the projectile impacted the target plate. The respective initial velocity of the projectile just before it
impacted the target plate was assigned by using the *INITIAL VELOCITY GENERATION command. The
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projectile employed *020 RIGID material properties where it will not undergo any deformations
throughout the simulation process and the target plate was modelled with *003 PLASTIC KINEMATIC
command with its mechanical properties as shown in Table 3. All these steps were created in LS-PREPOST
for a total of 44 impact events as listed in Table 1 and will be processed in LS-DYNA.

il

Figure 3. Three-dimensional numerical simulation models of blunt projectile (rigid elements) and
aluminium alloy plate (deformable elements)

Table 3: The mechanical properties of 2024-T351 aluminium alloy plate [19]

Property Unit Measurement
Modulus of elasticity E (GPa) 72.00
Poisson’s ratio v 0.30
Density p (kg/m?®) 2770.00
Yield stress constant A (MPa) 360.30
Strain hardening constant B (MPa) 649.40
n 0.68
Q (MPa) 235.90
B 8.988
a 0.104
Strain rate constant C 0.0146
Thermal softening constant 1 p 1.702
Thermal softening constant 2 m 2.769
Reference strain rate & (1/s) 8.33x 10+
Room temperature Ty (K) 293.00
Melting temperature T (K) 755.00
Inelastic heat fraction X 0.90
Specific heat C, (J /kg - K) 875.00
JC fracture criterion constants D, 0.034
D, 0.664
Ds -1.50
D, 0.011
Dy 9.958
Dg 3.289
MMC constants K (MPa) 678.70
n 0.138
C; 0.104
C, 335.60
ch 1.00
¢ 1.036
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3.0 RESULTS AND DISCUSSION

The primary aim of this investigation is to produce reliable numerical simulation analyses predictions of
blunt cylindrical projectile impacting against the 2024-T351 aluminium alloy plate and utilizing the
performed experimental tests data [19] to validate on the accuracy of the numerical simulation analyses
results. The numerical simulations results will be presented in two main categories, i.e. the photographs of
deformations of the target plate upon impact and in terms of numerical percentages of the predicted
residual velocities and deformations patterns as produced by LS-DYNA.

3.1 Photographs of Target Plate Deformations

As reported in Table 1, 44 numerical simulation analyses consisting of Test series of As, Bs, Cs and Ds of the
blunt cylindrical projectile impacting against the 2024-T351 aluminum alloy plate were modeled and post-
processed in this study. Selected numerical simulation tests pictures are presented in this section and
compared directly with the performed experimental tests [19] for comparisons and validation purposes.
Figure 4 shows the predicted outputs for four different thicknesses of the target plates (in a cross-sectional
view) that occurred in the central part of the target plate. It could be observed that perforations occurred
in the central portion of the target plates i.e. for Test numbers A2, B7 and C3 while for Test D8; only
penetration cavity was discovered in the central portion of the target plate around 50.00 % of thickness
height from the bottom part of the target plate with a small amount of scabbing occurred at the top 20.00 %
thickness height from the bottom part of the target plate. The predicted numerical simulation deformations
outputs in Figure 4 are then compared with the performed experimental tests data deformations outputs
[19] as in Figure 5 for validations purposes. It could be observed that the predicted numerical simulations
deformations outputs were in good agreement with the experimental tests data outputs for three target
plate thicknesses i.e. 2.00 mm, 4.00 mm and 4.82 mm but for the final target plate thickness of 8.00 mm,
the predicted numerical simulation outputs showed that the target plate endured penetration process
whereby the experimental test showed that it experienced perforation process.

— Test numbar=A2, 2 mm, Vo=86.4 mis

Tast number=B7, 4 mm, Vo=138 mis

— Test number=C3, 4.82 mm, Vo=141.6 mis

Test number=Da, 8 mm, Vo=141.6 mis

Figure 4. Plastic deformations of the 2024-T351 aluminum alloy plates as produced by the numerical
simulations

Figure 5. Plastic vertical deflections of the initial impact surfaces between the solid circular bullets and
the 2024-T351 aluminum alloy plates obtained from the published experimental tests [19]
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Table 4 displays another set of selected isometric view of three dimensional models of numerical
simulation analyses consisting of Test series of As, Bs, Cs and Ds of the blunt cylindrical projectile impacting
against the 2024-T351 aluminum alloy plate positioned along the right column compared against the
published experimental tests outputs [19] located in the middle column. It could be seen that the numerical
simulations results had managed to produce good agreement with respect to the experimental tests data
for Test numbers A10, B6, C3, where the failure was due to the perforations of the target plate that occurred
for all three tests. Furthermore, the numerical simulation prediction of test number D5 also was in good
agreement with the performed experimental tests data where penetration of the target plate of around
50.00 % of the target plate’s thickness height could be observed.

Table 3. Published experimental tests data of failure patterns for selected bullet and target plate impact
events compared against numerical simulation predictions by LS- DYNA [19]

Test number:

Plate thickness: Published experimental tests data [19] Numerical simulation results predicted
Initial velocity: by LS-DYNA

Viewing side:

A10

2 mm
66.9 m/s
Rear side

al velocily=66.9m/s

B3

4 mm
115.4 m/s
Rear side

4 mm

C6

4.82 mm

1244 m/s

Rear side
4.82 mm

initial velocity=124 6m/s
rear side

D5

8 mm
1273 m/s
Front side

8 mm
initial velocity=127.3m/s
front side

3.2 Residual Velocities and Deformation Patterns (Numerical Comparisons)

Table 5, Table 6, Table 7 and Table 8 show the 44 numerical simulation analyses predictions of blunt
cylindrical projectile impacting the 2024-T351 aluminum alloy plate (highlighting the predicted residual
velocities and predicted deformations patterns in terms of numerical accuracy) compared against the
performed experimental tests data [1]. Table 5 shows the predicted residual velocities and the predicted
physical deformations status of the 12 numerical simulations’ results of blunt cylindrical projectile
impacting against the ‘2.00’ mm in thickness of 2024-T351 aluminum alloy plate. It could be seen that the
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predicted numerical simulations’ results managed to give good agreement for both percentage differences
in residual velocities (with an overall average of 3.50 %) and the percentage differences of deformations
status (with an overall average of 16.70 %). Table 6 displays 9 numerical simulations predicted results of
blunt cylindrical projectile impacting against the ‘4.00’ mm in thickness of 2024-T351 aluminum alloy plate.

Table 4. Residual velocity and physical deformation status of bullet impact against 2 mm thickness 2024-
T351 aluminium alloy target plate as predicted by LS DYNA compared to published experimental [19]

Test Initial Residual  Residual % Physical deformation Physical %
No. velocity, velocity, velocity differences status from published deformation differences
Vo(m/s) V.(m/s) (m/s)by ofresidual experimental tests status by LS- of
LS-DYNA velocities DYNA deformation
Al 103.9 79.6 77.7 2.39% Perforated Perforated 0%
A2 96.4 65.0 63.1 292 % Perforated Perforated 0%
A3 69.1 0.0 0.0 0.0 % Projectile got Perforated, 0%
stuck stuck in the
plate
A4 74.3 20.4 19.8 294 % Perforated Perforated, 50 %
stuck in the
plate
A5 79.7 36.4 27.3 25% Perforated Perforated, 50 %
stuck in the
plate
A6 89.1 53.0 53.5 0.94 % Perforated Perforated 0%
A7 110.5 90.1 86.0 4.55% Projectile got Perforated 50%
stuck
A8 64.4 0.0 0.0 0% Projectile got Perforated, 0%
stuck stuck in the
plate
A9 125.4 103.7 107 3.18% Perforated Perforated 0%
A10 66.9 0.0 0.0 0% Projectile got Perforated, stuck 0%
stuck in the plate
Al1 43.1 0.0 0.0 0% Indentation, Indentation, 0%
rebound rebounded
A12 55.0 0.0 0.0 0% Indentation, Perforated, 50 %
rebound rebounded
Total average percentage differences of 3.5% Total average percentage differences of 16.7 %

residual velocities for Test A1 to Test A12 as
predicted by LS-DYNA

deformation status for Test Al to Test A12
as predicted by LS-DYNA

Table 5: Residual velocity and physical deformation status of bullet impact against 4 mm thickness 2024-
T351 aluminium alloy target plate as predicted by LS DYNA compared to published experimental [19]

Test Initial Residual  Residual % Physical deformation Physical %
No. velocity, velocity, velocity  differences  status from published deformation differences
Vo(m/s) V.(m/s) (m/s)by ofresidual experimental tests status by LS- of
LS-DYNA velocities DYNA deformation
B1 30.4 0.0 0.0 0% Indentation, Indentation, 0%
rebound rebound
B2 104.2 0.0 0.0 0% Indentation, Perforated, 100 %
rebound stuck
B3 115.4 0.0 0.0 0% Projectile got Perforated, 0%
stuck stuck
B4 2445 227.7 222 25% Perforated Perforated 0%
B5 201.5 184.8 168 9.1% Perforated Perforated 0%
B6 117.2 20.9 29.6 41.6 % Perforated Perforated, 50 %
moved
downward
slowly
B7 136.0 79.7 78.4 1.63 % Perforated Perforated 0%
B8 137.3 86.3 79.5 7.87 % Perforated Perforated 0%
B9 163.2 1399 122 12.79 % Perforated Perforated 0%
Total average percentage differences of 8.4 % Total average percentage differences of 16.7 %
residual velocities for Test B1 to Test B9 as deformation status for Test B1 to Test B9
predicted by LS-DYNA as predicted by LS-DYNA
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Positive agreements were achieved by the predicted numerical simulations’ results that managed to
obtain an overall average of 8.40 % differences for the residual velocities and an overall average 0of 16.70 %
differences for the deformation status. Table 7 presents the predicted residual velocities and the predicted
physical deformations status of the 11 numerical simulations’ results of blunt cylindrical projectile
impacting against the ‘4.28 mm in thickness of 2024-T351 aluminum alloy plate. The numerical
simulations had managed to provide favorable predictions outputs for two primary outputs i.e. 11.79 % of
average differences for the residual velocities and 4.54 % of average differences for the deformation status.
Finally, the 12 numerical simulations predicted results of blunt cylindrical projectile impacting against the
‘8.00’ mm in thickness of 2024-T351 aluminum alloy plate are as shown in Table 8.

Table 6. Residual velocity and physical deformation status of bullet impact against 4.28 mm thickness 2024-
T351 aluminium alloy target plate as predicted by LS DYNA compared to published experimental [19]

Test Initial Residual  Residual % Physical deformation Physical %
No. velocity, velocity, velocity differences status from published deformation differences
Vo(m/s) V.(m/s) (m/s)by ofresidual experimental tests status by LS- of
LS-DYNA velocities DYNA deformation
C1 179.4 157.8 134 151 % Perforated Perforated 0%
Cc2 162.1 136.8 103 24.7% Perforated Perforated 0%
Cc3 141.6 102.0 56.8 44.3 % Perforated Perforated 0%
C4 107.7 0.0 0 0% Indentation, Indentation, 0%
rebounded rebounded
C5 115.8 0.0 0 0 % Indentation, Perforated, 50 %
rebounded rebounded
cé 124.5 0.0 0 0% Projectile got Perforated, stuck 0%
stuck
Cc7 198.5 183.0 156 14.8 % Perforated Perforated 0%
Cc8 290.7 284.4 267 6.11 % Perforated Perforated 0%
C9 201.2 175.2 165 5.82% Perforated Perforated 0%
C10 191.0 165.7 148 10.68 % Perforated Perforated 0%
C11 240.0 226.5 208 8.17 % Perforated Perforated 0%
Total average percentage differences of 11.79 % Total average percentage differences of 4.54 %
residual velocities for Test C1 to Test C11 as deformation status for Test C1 to Test C11
predicted by LS-DYNA as predicted by LS-DYNA

Table 7. Residual velocity and physical deformation status of bullet impact against 8.00 mm thickness
2024-T351 aluminium alloy target plate as predicted by LS DYNA compared published experimental [19]

Test Initial Residual  Residual % Physical deformation Physical %
No. velocity, velocity, velocity differences status from published deformation differences
Vo(m/s) V.(m/s) (m/s)by ofresidual experimental tests status by LS- of
LS-DYNA velocities DYNA deformation
D1 170.2 118.7 34.1 713 % Perforated Perforated, stuck 50 %
D2 163.7 118.0 5.92 95 % Perforated Perforated, stuck 50 %
D3 141.2 62.8 37.4 40.44 % Perforated Indentation, 100 %
rebounded
D4 113.7 0.0 0 0% Indentation, Indentation, 0%
rebound rebounded
D5 127.3 0.0 0 0% Indentation, Indentation, 0%
rebound rebounded
D6 125.1 0.0 0 0% Indentation, Indentation, 0%
rebound rebounded
D7 146.0 78.2 0 100 % Perforated Indentation, 100 %
rebounded
D8 141.6 75.9 0 100 % Perforated Indentation, 100 %
rebounded
D9 118.8 0.0 0 0% Indentation, Indentation, 0%
rebound rebounded
D10 227.6 194.9 151 225% Perforated Perforated 0%
D11 248.6 201.5 185 8.18% Perforated Perforated 0%
D12 130.1 0.0 0 0% Indentation, Indentation, 0%
rebound rebounded
Total average percentage differences of 36.45 % Total average percentage differences of 33%
residual velocities for Test D1 to Test D12 as deformation status for Test D1 to Test D12
predicted by LS-DYNA as predicted by LS-DYNA
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In reference with the good agreements that were achieved by the numerical simulations’ predictions for
the plate thicknesses of 2.00 mm, 4.00 mm and 4.28 mm (see Table 5, Table 6, and Table 7); the numerical
simulations’ predictions for the plate thickness of 8.00 mm produced larger average differences for both
outputs; the average residual velocities at 36.45 % and the average differences for deformation status at
33.00 % as in Table 8.

4.0 CONCLUSIONS

This current study employed numerical simulation analyses to forecast the remaining velocities of the
projectile and assess the physical deformations of the target plate. A three-dimensional blunt cylindrical
projectile with varying initial velocities impacted the central region of a 2024-T351 aluminium alloy plate.
This plate had thicknesses of 2.00 mm, 4.00 mm, 4.28 mm, and 8.00 mm. The simulations were conducted
using LS-DYNA. In conclusion, the numerical simulation analyses successfully yielded accurate predictions
for the residual velocities of the projectile and the physical deformations of the target plate for the first
three plate thicknesses (2.00 mm, 4.00 mm, and 4.28 mm), with discrepancies of approximately 10.00 % in
all three categories. However, there were slightly larger discrepancies, around 30.00 %, for both categories
when analysing the target plate with a thickness of 8.00 mm.
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