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Abstract. In this research, a layered composite that utilizes a perforated plate
was developed as a bullet-resistant material that works by breaking the tip of the
projectile at the beginning of penetration and reducing the weight of the material.
A Composite configuration with 3 layers with a steel plate was used as the first
and third layers, while rubber was used in the second layer. Numerical model-
ing was developed using Ansys Workbench by varying the projectile penetration
position on the perforated plate mounted on the front layer. Whereas, the John-
son–Cook material model was used in projectile and steel plate modeling, and the
Mooney-Rivlin material model was used in rubber modeling. The outcome of the
simulation showed that the position of the projectile penetration on the perforated
plate affected the ballistic resistance in terms of the deformation and stress that
occurred during the penetration. The deformation created a back bulge that got
bigger as it held up the projectile velocity. The highest stress was found in the
projectile penetration at the hole center (663MPa), followed by the one at the side
of the hole (623 MPa) and in the middle of four holes (593 MPa).
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1 Introduction

Combat vehicles are made of steel to protect drivers and passengers from ballistic pro-
jectile shots [1, 2]. Steel has a heavy structure that interferes with the acceleration of the
vehicles. The development of bullet-resistant materials for armored vehicles needs to be
concerned in carrying out military attack and defense missions [3–6]. The development,
mobility, and speed of armored vehicles are prime aspects of combat. Lighter vehi-
cle weight allows faster acceleration or better agility in maneuvering [1, 6]. Armored
vehicles should be able to provide protection from ballistic attacks with lightweight.
Therefore, the development of bullet-resistant materials to handle various threats on the
battlefield is effectively carried out and evaluated.

Bullet-resistant materials with high-impact loads at high velocity continue to be
researched to seek potent materials, heat and surface treatment, and the manufacture of
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coated materials with metallic and non-metallic materials [7–10]. Steel has been widely
used as economical machine construction material in comparison to other materials, and
it has better structural strength. Various developments are continuously carried out to
invent bulletproofmaterial technology that is lightweight but has optimal ballistic impact
performance [11, 12]. The interest in the use of perforated plates to improve ballistic
resistance has increased. Perforated plates can be used on armored vehicle bodies to
reduce the total weight of the vehicle. The Perforated plate also induces bending stress
of the projectile penetration [13].

Balos et al. [13] tried to optimize the use of materials, geometry, and the use of
perforated plates, and they found that the perforated plate successfully prevented the
projectile from penetrating the base plate, with amass effectiveness value of 5.91. Bovrik
et al. [14] usedfive high-strength sheets of steel to provide protection against 7.62mmAP
projectiles. Ballistic tests were used in determining the ballistic limits of those different
steels. Mishra et al. [15] also carried out ballistic tests with 7.62 mm AP projectiles on
steel plates that had been heating treated in different temperature variations ranging from
200 °C to 600 °C. Tests were also carried out on 5 mm perforated plates. The results
show that the microstructure of the ballistic impact area has cracks by the induction of
the adiabatic shear bands at tempering temperatures up to 400 °C. The holes in the plate
also inhibited the adiabatic shear band formation.

The modeling of the projectile penetration on the target material at very high veloc-
ity can be done using a numerical model. The projectile velocity during penetration,
distribution of von Mises stress on projectile and target and energy absorption can be
estimated in numerical simulation. Yefa Hu et al. [16] examined the low-velocity impact
behavior of carbonfiber-reinforced plastic beams usingfinite element simulation through
LS-DYNA software. Energy absorption and target response to impact loads were inves-
tigated and compared with the ones of steel materials. Unfortunately, research on the
combination between a perforated plate and rubber as an impact absorber against the
high-velocity impact of projectiles that considers parameters such as deformation, von
Mises stress and strain, and the response characteristics of perforated plates to projectile
penetration were limited. In this research, the effect of the projectile penetration position
on the perforated plate was measured in numerical simulation.

2 Material and Methods

In this research, composite panels made of 3 mm in thickness of steel plate on the outer
layer and 4mm in thickness of rubber on themiddle layerwere employed. The dimension
of the panel was 150 × 150 mm. The front layer of the plate was made with a pattern of
3 mm holes in diameter and a gap between holes is 10 mm. Each layer of the material
was unified using bolts which arrangement is presented in Fig. 1.

The ballistic testing of composite panels employed numerical simulation using
ANSYS Workbench 15.0 software on explicit dynamics modeling. The meshing of the
composite panels had tetrahedron shapes which were divided into two, coarse meshing
of 2 mm in size for the area far from the projectile impact and fine meshing with a size
of 0.8 mm in a 20 mm radius on the projectile impact area. The projectile used in this
research was a 9 mm caliber Full Metal Jacket (FMJ) with tin wrap in brass and 0.8 mm
of mesh size as shown in Fig. 2.
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Fig. 1. The arrangement of the perforated plate, rubber, and plate

The initial projectile velocity was measured using the chronograph. The boundary
condition was the fixed support on the outer side of the back plate. The target and projec-
tile were modeled as a flexible body. Contact between the bodies was made frictionless.
The time of the ballistic simulation was counted starting from when the initial bullet
penetrated until the projectile stopped at 1.1 10–4 s. Stress and deformation were gained
by adjusting the data solution information of the stress and deformation received by
the composite panel during the impact process. The variables examined in this research
included the position of the projectile penetration on the perforated plate in the center
of the hole, the side of the hole, and the middle of four holes.

The Johnson–Cook material model was employed as the numerical simulation for
projectiles and perforated plates and steel plates without holes. Johnson–Cook plasticity
model includes strain rate, the strain effect, and temperature on flow stress [17–19].
Equation 1 shows the Johnson–Cook material model [20]. For rubber materials, the
Mooney-Rivlin material model was used. This model can be used in materials that

Fig. 2. Meshing model in numerical simulation
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have large strains and are significantly non-linear. These behaviors include hyper-elastic
deformability and incompressibility [21–23]. The Mooney-Rivlin general equation is
shown in Eq. 2 [24, 25].

σeq = (
A + Bεn

)(
1 + C ln ε

◦)
(
1 −

(
T − To

Tmelt − To

)m)
(1)

where

σeq = equivalent stress (Pa)
A = yield stress constant (Pa)
B = hardening constant
ε = equivalent strain
n = hardening exponent
C = strain rate constant
m = thermal softening exponent
ε° = plastic strain rate
T = test temperature (K)
To = room temperature (K)
Tmelt = melting temperature (K)

σeq = 2C1

[
D − 1

D3

]
+ 2C2

[
1 − 1

D3

]
(2)

where

σeq = equivalent stress (Pa)
C1, C2 = probability constant (Pa)
D = extension ratio (Pa)

The properties of projectile and plate material according to the plasticity model of
Johnson–Cook can be seen in Table 1. While, the rubber material properties are based
on the Mooney-Rivlin model, as shown in Table 2.

3 Result and Discussion

Projectile penetration on composite panels can be examined in a simulation. Numerical
simulation can determine the stress distribution, stress concentration, and deformation
processes during impact events. Validation can be done by conducting ballistic testing
to determine the accuracy. Simulation and experimental comparison results show simi-
larities in terms of changes in the direction of the projectile when it penetrated the hole
that hit the side of the hole as shown in Fig. 3 and Table 3.

Error =
∣∣∣∣
4.588 − 4.534

4.588

∣∣∣∣ × 100% = 1.17% (3)

The results of the ballistic impact measurements showed 98.82% similarity and an
error rate of 1.17%. The validation test showed a small error value between numerical
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Table 1. Johnson–cook material properties for projectiles and steel plates

Parameter Unit Brass Jacket Lead Core Steel Plate

Density kg/m3 8520 10,660 8859

Isotropic Elasticity

Young Modulus Pa 1.15 × 1011 1 × 109 2 × 1011

Poisson’s Ratio - 0.31 0.42 0.30

Johnson–Cook Plasticity

Initial Yield Stress, A Pa 2.06 × 108 2.4 × 107 1.467 × 108

Hardening Constant, B Pa 5.05 × 108 3 × 108 8.969 × 108

Hardening Exponent, N - 0.42 1 0.32

Strain Rate Constant, C - 0.01 0.1 0.033

Thermal Softening Exponent, M - 1.68 1 0.323

Melting Temperature, Tm K 1189 760 1773

Reference Strain Rate 1/s 0.0005 0.0005 1

Table 2. Material properties based on Mooney Rivlin model parameters for rubber

Material Density,
kg/m3

Material
constant,
C10 (Pa)

Material
Constant,
C01 (Pa)

Material
Constant,
C20 (Pa)

Material
Constant,
C11 (Pa)

Material
Constant,
C02 (Pa)

Incompressibility
Parameter, D1
(1/Pa)

Rubber 1000 -4.5 ×
105

7 × 105 1.6 ×
106

2.5 ×
106

-8 × 105 1 × 10–9

Fig. 3. Projectile penetration on composite panels by numerical simulation and experiments
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Table 3. Comparison between numerical simulation and experimental results

Variable Numerical
Simulation

Experimental

Mass
projectile

0.008 kg 0.008 kg

Velocity
Projectile

365 m/s 365 m/s

Kinetic
Energy

532.9 J 532.9 J

Bulge 4.534 mm 4.588 mm

Fig. 4. Von mises stress: center of hole (front view)

Fig. 5. Von mises stress: side of hole (front view)

and experimental simulations thereby numerical simulations with the finite element
method can be used for impact ballistic examination on perforated plates. Three cases
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Fig. 6. Von Mises stress: middle of four holes (front view)

of projectile penetration at the center of the hole (Fig. 4), the side of the hole (Fig. 5),
and the middle of four holes (Fig. 6) were examined in numerical simulation.

Projectile penetration on perforated plate distributed stress during the impact on the
target and projectile. The hemispherical shape of the projectile became blunt and the
plate started to perforate from the beginning of the impact. The maximum stress of
the projectile was shown by the color change to red. The brass jacket on the projectile
showed greater deformation with a stress value of 773.98 MPa when it penetrated the
center of the hole at 2.8902 × 10–5 s (Fig. 4) compared to other penetration positions.
The stress distribution was transferred throughout the target area of the composite panel
until the projectile stopped. The projectile stopped faster when it penetrated the middle
of four holes at 1.2766 × 10–4 s. The kinetic energy of the projectile when it penetrated
the target material caused the material to deform and form a bulge on the back plate.
The bulge pattern that appeared on the back plate is shown in Fig. 7.

During the impact event, the deformation got bigger while the projectile velocity
decreased until the projectile stopped at 0 m/s. Projectile penetration in the center of
the hole produced a larger bulge of 4.804 mm, at the side of the hole of 4.534 mm and
the smallest bulge found in the middle of the four holes was 4.203 mm. Penetration
in the center of the hole caused a bigger bulge effect because the projectile velocity
resistance was zero. In the initial penetration, the projectile brass jacket peeled off when
it penetrated the area around the hole. The slow decrease in projectile velocity resulted
in a larger bulge than other penetration positions. The stresses that occurred during a
ballistic impact event on a composite panel are shown in Fig. 8.

Figure 8 shows the stress distribution on the composite panels during a ballistic
impact event. Projectile penetration in the center of the hole produced a greater maxi-
mum stress than in other penetration positions. The stress increased until it reached its
maximum when the projectile perforated the target layer and fluctuated right before the
projectile stopped. The maximum stress for composite panels when the projectile pene-
trated the center of the hole as 663Mpa, 623MPa at the side of the hole, and 593.52MPa
in the middle of four holes. The maximum stress made the penetration deeper. At the
beginning of the penetration, the projectile started to deform due to contact with the front
layer of the composite panel. Figure 9 shows the final deformation of the projectile.
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Fig. 7. Backplate bulge pattern due to ballistic impact

Fig. 8. Stress distribution vs time

Figure 9 shows that the largest projectile deformation was found then the projectile
penetrated the middle of four holes. The projectile deformed faster and also stopped
faster at a speed of 0 m/s, causing a smaller bulge on the back plate. In all cases, the
penetration of the projectile in the perforated plate caused the projectile brass jacket
to separate from the projectile core. The penetration position at the side of the hole
(Fig. 9b) changed the angle of the final projectile each layer of the composite panel was
perforated. The projectile angle has significantly deviated from the initial incident angle.
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Fig. 9. Projectile deformation after ballistic impact: a) center of hole, b) side of the hole, c) middle
of four holes

The mechanism of projectile failure, in this case, has been reported byMishra et al. [15].
Figure 10 shows the penetration of the projectile at the end of the ballistic impact.

The rubber on each layer of the composite panel was torn due to the perforation
on the perforated plate from projectiles. The rubber was perforated with a larger hole
diameter at the end of the ballistic impact. Except at the penetration position of the
middle of the four holes, the projectiles perforated the composite panel and stopped by
the time they went into the last layer. The position in the center of the projectile hole
perforated the first and second layers with insignificant deformation of the projectile
causing a larger bulge on the back plate. Penetration at the side of the hole seemed to
change the direction of the initial projectile incident, while in the middle of four holes,
the projectile could not perforate every layer of the composite panel. The significantly
deformed projectile made the rear plate bulge smaller.

Fig. 10. Cross section of the projectile and composite panel at end of impact: a) center of hole,
b) side of the hole, c) middle of four holes
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4 Conclusion

The biggest bulge on the back plate and the maximum stress of 663MPa on the compos-
ite panel occurred at the penetration position in the center of the hole of 4.804 mm. The
position of the penetration at the side of the hole caused the direction of the projectile to
change incidentally when it penetrated the perforated plate. The projectile punched holes
in the first layer and tore off the rubber layer until the projectile stopped without suc-
cessfully perforating the final layer. The penetration position in the middle of four holes
resulted in a smaller bulge of 4.203 mm and a significant projectile deformation. The
symmetrical pattern and the distance between the holes were greater than the diameter
of the projectile, no side force caused the projectile to deviate from its initial trajectory.
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