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Fuel tanks in vehicles traveling in danger zones are susceptible to damage result-
ing from shelling. Ensuring adequate strength of this type of construction elements
is extremely important. The object of the research was a fuel tank from a leading
manufacturer, declared as made of an external coating that allows for closing gunshot
holes. The tank was subjected to fire in two variants: without additional protection and
with additional protection in the form of Armox 500T armor plate with a thickness of
4.5 mm. Additionally, the authors also performed numerical analyzes in the Abaqus/-
Explicit program, which were used to reproduce the physical phenomena occurring
during shooting. The developed geometric models and the declared initial boundary
conditions reflected the actual test conditions, and the Johnson-Cook model and the
failure model were used. These tests assessed the tank’s resistance to shooting, the
extent to which the gunshot holes closed and the possibility of fuel ignition inside
the tank. Then, verification tests were carried out in which 4 mm sheet metal panels
were shot at to validate the numerical results for the adopted material model of the
shield. The obtained results from numerical simulations corresponded appropriately
with the results of experiments. Building upon this correspondence, the study offers an
innovative contribution by integrating a comprehensive ballistic evaluation of a real,
self-sealing fuel tank system with detailed numerical validation based on advanced
material failure modelling and parameter sensitivity analysis. The results obtained
may serve as a reference for the design and optimization of protective systems in
armored vehicles, particularly regarding enhancing fuel system survivability under
ballistic impact.
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1. Introduction

Fuel tanks are among the most vulnerable components in vehicles operating
in armed conflict zones or during VIP transport missions [1, 2].

Shooting through a tank during an attack on a vehicle may have many negative
consequences. Weakening the structure by shooting through the tank may lead to:

• rapid loss of fuel and thus immobilization of the vehicle;
• leakage of the fuel mixture, resulting in ignition and explosion;
• due to the pressure exerted and the weakening of the structure, the complete

collapse of the tank.
Therefore, it is extremely important to properly secure this element of the

structure, as it directly affects the safety of the traveling crew and vehicle users.
For this purpose, various structures using light materials are used [3].

Modern military vehicles, in particular high-mobility armored vehicles in-
tended for patrol and convoy missions, are a key element of modern armed forces.
Their structure, based on advanced materials and technologies, is designed to
withstand threats such as machine gun fire or explosions of improvised explosive
devices (IEDs). The key determinants of these technologies are Mine Resistant
Ambush Protected (MRAP) and MRAP All Terrain Vehicle (M-ATV) class ve-
hicles, such as RG-31/32, Cougar, Dingo 2, Zubr/Tur or Armored Multi-Role
Vehicle (AMRV G10). These structures have been the subject of numerous studies
including design processes, ballistic tests and analyses of crew comfort and body
functionality [4, 5]. The primary purpose of designing such vehicles is to protect
the crew and critical systems, including fuel tanks, which, if damaged, can lead
to catastrophic consequences. Research on protective materials focuses on creat-
ing multi-layer composite structures [6–9]. An example is the “Composite Armor
Philosophy” (CAP) design philosophy proposed by Tsirogiannis and co-authors,
which integrates various materials such as ceramics, steel, and polymer composites
to maximize resistance to ballistic threats [10]. The use of such solutions signif-
icantly reduces the weight of the structure, which increases the mobility of the
vehicle while maintaining high standards of protection.

Materials used in armor construction, such as Armox 500T (A500T), are
intensively researched for their mechanical properties and behavior during high-
velocity impacts. Iqbal et al.’s research on A500T steel showed that its high tensile
strength and resistance to dynamic deformation make this material suitable for use
in armored vehicles [11]. Similar studies on the behavior of composites under high
bullet velocities confirm their effectiveness in reducing penetration and dissipating
impact energy [12–16].

Protecting fuel tanks in armored vehicles is one of the most important chal-
lenges in the design of these structures. Shooting through the fuel tank may lead
to vehicle immobilization, fuel leakage and ignition, or even explosion. Ren and
co-authors conducted combined experimental and numerical studies on the pene-
tration effects of liquid-filled tanks, pointing out the importance of internal pressure
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damping in minimizing damage [17]. Similar research by Liu and co-authors on
tanks with rubber shock-absorbing layers highlighted the importance of multi-layer
materials in reducing tank deformation under bullet impacts [18, 19]. Numerical
modeling plays a key role in assessing the behavior of armored structures. Simula-
tions conducted by Spear and co-authors indicate that modeling at high strain rates
allows accurate prediction of the behavior of materials under dynamic loads [20].
The Johnson-Cook (J-C) model, used to simulate deformation and failure, is one
of the most frequently used tools in fuel tank analyses [21–26].

Although previous studies have examined the ballistic performance of pro-
tective materials and fluid-filled containers, few have addressed the behavior of
complete, commercially available fuel tank systems under real ballistic conditions.
This work fills that gap by evaluating a self-sealing SAFETANK from Hutchin-
son®, both in its base configuration and with added Armox 500T steel protection.
The experimental tests, conducted with multiple calibers and verified via high-
speed imaging, offer a rare, system-level insight into ballistic resistance. Moreover,
the study integrates detailed finite element modelling using the Johnson-Cook con-
stitutive and failure models, with parameter sensitivity analysis, including displace-
ment at failure and stress erosion. These numerical results were validated against
experimental observations of penetration, deformation, and crater geometry.

2. Object of research

The subject of the research was a fuel tank made by HUTCHINSON® under
the name SAFETANK series Nbr. 120710-04. This tank is intended for military
use. Due to its advantages in ballistic protection, it is installed in armored vehicles.
According to HUTCHINSON®, the fuel tank supplied for ballistic testing is a
safe fuel tank classified by the manufacturer as Safetank. According to advertising
materials [27], it is made of an external coating that closes holes caused by small
ammunition and shrapnel fire and stops fuel leaks. This way it is possible to reduce:

• risk of fire and explosion;
• crew injuries from external fires;
• ignition of fuel vapors during explosion and penetration by ammunition.
The protective coating defined by the manufacturer as the Safetank has the

following advantages:
• eliminates the need for additional armor with metal or composite plates;
• has a positive effect on the materials used in the construction of the tank:

plastic or aluminum;
• can reduce the system weight to approximately 100 kg in some applications.
The tank that was analyzed is a cuboid with dimensions of 610×610×450 mm,

its view is shown in Fig. 1. An example of the use of the fuel tank is shown below
Fig. 2.
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Fig. 1. General view of the tank with the manufacturer’s plate

Fig. 2. General view of the Safetank fuel tank with optional location in the vehicle
AMRV G10 – 3D model

3. Research station

Shooting was carried from a distance of 3 m for pistol ammunition, and for the
remaining ammunition the shooting distance was 10 m. Each time, the velocity of
the fired bullet was measured using a measuring device that gave the average value
measured between the starting and ending gates. Measurements that significantly
deviated from the values specified in the PN EN 1522 standard were rejected [28].
The diagram of the test stand is shown below Fig. 3. Before starting the tests, the
fuel tank was enclosed with a structure which, on the one hand, provided hooks
for mounting the target under fire, and on the other hand, this structure was used
to enclose the fuel tank with additional covers. The method of housing the tank is
shown in Fig. 4.

Three types of ammunition were used for firing, the parameters of which are
summarized in the table below (Table 1).
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Fig. 3. Ballistic test diagram

Fig. 4. Tested object at a military training ground

Table 1. Parameters of the ammunition used

Ammunition Round mass
[g]

Projectile mass
[g]

Initial velocity
[m/s]

Kinetic energy
[J]

9 × 19 mm FMJ PARA 12.0 8.0 356 518
7.62 × 39 mm FMJ PS 16.2 7.9 720 2070
.308 WIN Match 25.1 10.9 780 3316
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4. Preparation of numerical model

The (J-C) constitutive equation (1) is suitable for computational purposes due
to its simplicity and the use of parameters that are relatively easy to determine. It
is commonly used in CAE programs, such as ABAQUS, LS-Dyna [29–31].

𝜎𝑦 =

(
𝐴 + 𝐵𝜀𝑝𝑛

)
(1 + 𝐶 ln ¤𝜀∗) (1 − 𝑇∗𝑚) , (1)

where 𝜀 is the plastic strain, ¤𝜀 – the plastic strain rate, 𝐴, 𝐵, 𝐶, 𝑛 and 𝑚 – the
J-C material behavior coefficients where 𝐴 is the yield stress of the material under
reference conditions, 𝐵 is the strain hardening constant, 𝐶 is the strengthening
coefficient of the strain rate, 𝑛 is the strain hardening coefficient and 𝑚 is the
thermal softening exponent.

Material failure equations regulate material strength and/or material stiffness
as a function of the damage variable. When the damage variable reaches a critical
value, damage propagates (crack). In this relationship, the deformation occurring
at the moment of destruction is described by the relationship (2).

𝜀 𝑓 =

[
𝐷1 + 𝐷2𝑒

𝐷3𝜎
∗
]
[1 + 𝐷4 ln ¤𝜀∗] [1 + 𝐷5𝑇

∗] , (2)

where 𝜀 𝑓 – the plastic strain to fracture; 𝜎∗ – the equivalent stress, 𝐷1, 𝐷2, 𝐷3,
𝐷4 and 𝐷5 – the input constants determined empirically.

Geometric models were developed based on the actual structure of the projec-
tiles (Fig. 5) and tank (Fig. 6). The projectiles were discretized with a grid of hex
elements, dimensions 0.1 to 0.5 mm from Abaqus/Explicit library. The front wall
of the tank was mapped, the dimensions of the finite elements were from 0.5 mm
at the point of compaction (projectile impact) to 10 mm at the outer edges. In the
subsequent model validation for the 4 mm sheet impact, elements with a size of
0.2 mm were used at the projectile impact point. In the case of the sheet metal,
the side edges were fixed as in the mounting frame, while in the case of the tank
wall the side surfaces were constrained to prevent displacement in all directions
(U1 = UR1 = U2 = UR2 = U3 = UR3 = 0, where U – displacements; UR –
rotations), simulating fixed boundary conditions in the frame.

To describe the behavior of materials, the (J-C) constitutive model was used
together with the failure model in which the term responsible for thermal soften-
ing was omitted. During the simulation, the displacement at failure parameter –

(a) (b)

Fig. 5. Examples of numerical models of projectiles discretized with 0.5 mm hex mesh:
(a) 9 × 19 mm FMJ PARA projectile, (b) 7.62 × 39 mm FMJ PS projectile Kalashnikov
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(a) (b)

Fig. 6. Numerical model of the projectile-tank wall: (a) general view; (b) close-up of the mesh
densification area (0.5 mm hex elements)

a parameter describing the nature of material degradation in the Abaqus/Explicit
software was modified. When the failure criterion is met, the element is not im-
mediately removed, but its stiffness is gradually degraded and secured by a given
stabilizing criterion, i.e., critical stress, so that no element is subject to excessive
deformation. The material parameters are listed in the tables below (Table 2 and 3).

Table 2. Material parameters in the (J-C) strength model [11, 20, 29, 32, 33]

Projectile material 𝐸

[GPa]
𝑣

[–]
𝐴

[MPa]
𝐵

[MPa]
𝑛

[–]
𝑐

[–]
Lead (core) [29] 13.00 0.42 35 46 0.48 0.0100
Brass (jacket) [29] 130.00 0.38 112 505 0.42 0.0100
7.62 × 39 mm steel core (C45 steel) [33] 210.00 0.33 553 600 0.36 0.0134
A500T (additional protection) [11] 201.00 0.33 1372 835 0.25 0.0620
Elastomer (outer fuel tank’s layer) [32] 1.57 0.49 1 0 9500 1.32 –
Aluminum (internal fuel tank’s layer) [20] 70.00 0.30 324 113 0.42 0.0020

Table 3. Material parameters in the (J-C) failure model [11, 20, 34, 35]

Material 𝐷1 [–] 𝐷2 [–] 𝐷3 [–] 𝐷4 [–]

Displacement
at failure [mm]/
critical stress

[MPa]
A500T (additional protection) [11] 0.0429 2.1521 –2.7575 –0.0066 0.35 / 3700
Aluminum (internal fuel tank’s layer)
[20, 34, 35] –0.7700 1.450 –0.470 0 0
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The critical stress model was used to describe the discontinuity of the elastomeric
material, which led to material failure upon reaching a critical stress value. The
tensile strength value was obtained in the authors’ previous studies [32].

5. Results of ballistic tests

Based on a preliminary visual inspection after firing the fuel tank with ballistic
shields, the behavior of the Safetank shell to direct fire with small arms projectiles
was checked. The results of the ballistic tests using tested ammunition are shown
in Table 4.

Table 4. Initial boundary conditions of projectiles during field tests

No. No. of
shot Type of ammunition Distance

[m]

Initial
velocity
[m/s]

Initial
energy

[J]
Effect

1 31 – – P
2 32 9 × 19 mm Parabellum FMJ (WA) 3 – – P
3 33 – – P
4 28 704 1957.7 P
5 29 7.62 × 39 mm FMJ PS (WA) 701 1941.0 P
6 30 695 1907.9 P
7 16 702 1946.6 B
8 17 7.62 × 39 mm FMJ PS (A) 10 698 1924.5 B
9 18 – – B

10 19 763 3172.8 P
11 20 .308 WIN Match (A) 771 3239.7 P
12 21 772 3248.1 P

where B – no penetration/incomplete penetration, P – full penetration, WA – Without Armor,
A – Armored

First, the fuel tank was fired 7.62×39 mm FMJ PS projectile Kalashnikov and
9 mm FMJ Parabellum projectile. The results of this firing are illustrated in Figs. 7
and 8. In both cases, the tank was shot through, but its protective coating caused
the damaged wall to heal and the leaks quickly stopped.

Secondly, tanks shielded with A500T metal plate were tested. Based on the
results obtained (Fig. 9), it was concluded that the firing test with a 7.62 × 39 mm
FMJ PS projectile Kalashnikov ended negatively. This caliber failed to penetrate
the tank armor, suggesting its effectiveness against this type of ammunition.

A shooting test with a .308 WIN Match bullet was successful (Fig. 10). The
bullet passed through the shell of the tank, causing a characteristic leakage of
liquid medium (Fig. 11). Nevertheless, the material properties of the tank allowed
the perforation to quickly seal itself, significantly reducing further fluid loss.
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Fig. 7. Fuel tank fired with a 9 × 19 mm FMJ Parabellum projectile
– shots 31–33

Fig. 8. Fuel tank fired by a 7.62 × 39 mm FMJ PS projectile Kalashnikov
– shots 28–30

The fuel tank underwent ballistic testing with various calibers, including 7.62×
39 mm FMJ PS bullets Kalashnikov and 9 mm FMJ Parabellum pistol bullets, as
well as .308 WIN Match bullets. Initial tests with unshielded tanks revealed that,
while the bullets penetrated the tank walls, the protective coating facilitated rapid
self-sealing of the perforations, effectively halting leaks. Further tests with tanks
shielded by A500T metal plates demonstrated the armor’s effectiveness, as the
7.62 × 39 mm FMJ PS bullets failed to penetrate. However, the .308 WIN Match



10 M. ROSZAK, D. PYKA, M. STĘPCZAK, P. SWEKLEJ, K. JAMROZIAK, M. BOCIAN

Fig. 9. Fuel tank covered with A500T fired with a 7.62 × 39 mm FMJ PS
projectile Kalashnikov – shots 16–18

Fig. 10. Fuel tank covered with A500T tested with .308 WIN Match bullet
– shots 19–21

bullet successfully breached the tank, causing leakage, which was again mitigated
by the tank’s self-sealing material properties, significantly reducing fluid loss.
When unprotected, the tank was penetrated by all types of ammunition tested.
However, the self-sealing material reduced leakage after impact (Fig. 7 and 8).
With the addition of a 4.5 mm A500T plate, the tank resisted 7.62 × 39 mm FMJ
PS bullets (Fig. 9), but the .308 WIN Match bullet still caused full perforation
(Fig. 10 and 11). This confirmed that while the armor improved resistance, it was
not sufficient against all threats.



Ballistic resistance tests of a fuel tank intended for installation in an armored vehicle 11

Fig. 11. Fuel tank shot through with .308 WIN Match bullet – shot 20,
with characteristic leakage of tank contents

6. Results of numerical analysis

The final stage of the research was to verify the correspondence between the
numerical research results and the field test results. The verification was carried
out in terms of observing the final effect of the fire, i.e., penetration or lack of
penetration of the material system of the shield. First, the penetrating capabilities
of the 9 × 19 mm FMJ Parabellum bullet were checked. The simulation results are
shown below for the system with an additional steel sheet (Fig. 12) and without an
additional cover (Fig. 13). As in the case of the experiment, a breakthrough was
obtained for the tank without additional cover.

Fig. 12. Additional steel cover – complete stopping of the 9 × 19 mm
FMJ PARA projectile – deflection of the steel plate [mm]
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(a) (b)

Fig. 13. Complete penetration of the tank wall without additional protection with the 9 × 19 mm
FMJ PARA projectile – Huber-Mises-Hencky stress [MPa]: (a) initial position; (b) after 1 × 10−4 s

The same results were also obtained in the simulation results of the impact
of the 7.62 × 39 mm FMJ PS bullet. The use of an additional shield allowed the
projectile to be completely stopped (Fig. 14), but the outer layer of the shield was
damaged, as in Fig. 9. Complete penetration was achieved for the material system
of the samples without additional protection in the form of a steel shield (Fig. 15).

Fig. 14. Additional steel cover – complete stopping of the 7.62 × 39 mm
FMJ PS projectile – deflection of the steel plate [mm]

The only bullet capable of penetrating the tank’s material system with addi-
tional protection was the .308 WIN bullet. As in the case of experimental tests,
complete penetration of the tank wall was achieved along with an additional cover
(Fig. 16).



Ballistic resistance tests of a fuel tank intended for installation in an armored vehicle 13

Fig. 15. Complete penetration of the tank wall
without additional protection by the
7.62 × 39 mm FMJ PS projectile –
Huber-Mises-Hencky stress [MPa]

Fig. 16. Complete penetration of the sheet metal
and tank wall by a .308 WIN projectile –

Huber-Mises-Hencky stress [MPa]

To summarize the conducted numerical studies, they correspond in terms of
comparing the effect of shooting with experimental studies. Convergence in this
respect was achieved. However, in the future, more advanced methods should also
be used to verify the correspondence of numerical models with the experiment,
e.g., in the form of X-ray cameras to analyze the velocity of the projectile after
penetrating the shield.

7. Validation of obtained results

As a result of the research, a correlation was obtained between the results of
experimental and numerical research (Table 5).

Table 5. Summary of research results
Ammunition Experiment Simulation

With additional shield
9 × 19 mm FMJ PARA B B
7.62 × 39 mm FMJ PS B B

.308 WIN Match P P
Without additional shield

9 × 19 mm FMJ PARA P P
7.62 × 39 mm FMJ PS P P

.308 WIN Match P P

where B – no penetration/incomplete penetration, P – full penetration.
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Verification of the numerical analysis was carried out using the results of
ballistic tests on a 4 mm thick A500T sheet. The moment of impact of the bullet
was captured using PHANTOM VEO 710L and TMX high-speed cameras. Both
the lack of penetration of the 7.62×39 mm FMJ bullet (Fig. 17) and the penetration
achieved by the .308 WIN Match bullet were captured, confirming the result of the
numerical simulation (Fig. 18).

Fig. 17. 7.62 × 39 mm FMJ PS bullet stopped by an armored plate

Fig. 18. Plate penetration by the .308 WIN Match bullet
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Analysis of the recorded frames 3, 5, and 9 made it possible to determine the
displacement of the projectile relative to the edge of the plate after perforating
the A500T steel sample. Based on this, the residual velocity of the projectile was
determined to be 566 m/s.

An additional example comparison of the values obtained from simulation
and experiment is shown below for the most representative case (Fig. 19). For
comparison purposes, the values of the crater diameter and sample deflection are
listed in the table below (Table 6).

(a)

(b) (c)

Fig. 19. Results of validation of ballistic test: (a) numerical simulation (units in mm);
(b) experiment; (c) example cross-section comparison

Table 6. Comparison of obtained results for ballistic test and numerical simulations
Variant Experiment Simulation Error

7.62 × 39 mm projectile – hole diameter – – –
7.62 × 39 mm projectile – deflection 6.63 ± 0.01 mm 5.99 mm 9.7%
.308 WIN projectile – hole diameter 8.68 ± 0.40 mm 8.91 mm 2.6%

.308 WIN – deflection 11.09 ± 0.67 mm 12.11 mm 9.2%

A comparison of the results for different values of the failure criterion displace-
ment at failure is also presented below (Fig. 20). This illustrates the differences that
occur depending on the applied displacement-to-failure value. By introducing an
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additional erosion criterion, where the stress limit was set to 3700 MPa, it was pos-
sible to reduce the occurrence of excessively deformed finite elements. Noticeable
differences can be observed in the obtained values compared to the most reliable
case (Fig. 19), which used a stress limit of 3700 MPa and a displacement at failure
of 0.35 mm. These differences are evident not only in the visual aspects of the
results, such as the shape of the craters, but also in the crater deflection (Fig. 20)
and the residual velocity of the projectile after perforation, as shown in the graph
below (Fig. 21). Also, the influence of stress value was also analyzed.

(a) (b) (c)

Fig. 20. Obtained results for 3700 MPa erosion and different values of displacement of failure:
(a) 0 mm displacement; (b) 0.2 mm displacement; (c) 1 mm displacement. Units in (mm)

Fig. 21. Comparison of residual velocity and different variants of displacement of failure

The numerical results for the .308 WIN projectile penetration were in close
agreement with the experimental data, with discrepancies in deformation param-
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eters and crater diameter remaining below 10%, thereby confirming the accuracy
of the model and the adopted failure criteria. Simulation variants incorporating
different displacement-at-failure values demonstrated a significant influence of this
parameter on the predicted residual velocity, both excessively low and excessively
high values led to considerable deviations from the experimental results.

The findings indicate that, for an effective assessment of ballistic protection,
particularly in the context of high-energy threats, it is essential to consider not only
the occurrence of penetration but also the actual residual velocity of the projectile,
as this determines the potential for impacting components located behind the armor.

Variations in the value of critical stress for erosion were also found to have a
substantial effect. At both higher and lower critical stress values, discrepancies fre-
quently exceeded 20–30%. For excessively low erosion thresholds, elements failed
prematurely, resulting in overestimated projectile velocities. Conversely, overly
high values led to excessive and unrealistic plate deflection.

8. Conclusions

On this basis, the following conclusions were made:
1. The ballistic resistance achieved by the SAFETANK system equipped with

a 4.5 mm A500T steel plate demonstrates protection levels comparable
to those reported for more complex multilayer armor systems based on
ceramics or polymer composites [10, 11].

2. Penetration by any type of ammunition, and the contents of the tank spill
out.

3. Additional protection in the form of A500T armored steel allows the solu-
tion to maintain the assumed bullet resistance, providing protection against
9 × 19 mm FMJ PARA and 7.62 × 39 mm FMJ PS projectiles.

4. The solution used does not provide protection against the .308 Winchester
bullet.

5. Despite being shot through, the rubber material used in the tank allows
the firing site to be sealed, thanks to which the leakage of the contents is
quickly limited, in accordance with the manufacturer’s declarations.

6. Correspondence of the results in terms of penetration/no penetration was
obtained, also in case of samples’ deflection, but the methods used would
require further experimental verification using, for example, X-ray cameras.

7. Additional studies were carried out to verify the accuracy of numerical
model by comparing the residual velocity values after perforation. The
multi-stage verification of the model made it possible to identify the most
representative case, which provided the highest consistency in terms of
visual appearance, crater dimensions and satisfactory residual velocity val-
ues. The applied and properly calibrated damage model is crucial in the
context of obtained numerical simulations results.
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8. Furthermore, the numerical simulations carried out using the Johnson-
Cook constitutive and failure models showed very good agreement with
the experimental data. The differences in crater diameter and deflection be-
tween simulations and tests remained below 10%, which aligns well with,
or improves upon, results reported in related literature [20, 22, 30]. The
implemented sensitivity analysis of failure parameters further enhanced the
reliability of the model. This reinforces the applicability of the adopted
modelling methodology for predicting the behavior of composite and ar-
mored structures under ballistic impact.
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