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Abstract.

This work focuses on the finite element analysis (FEA) of a new combat helmet design developed by the Spanish
Company FECSA S.A. with the aim of optimizing the final design. The helmet was made of aramid/phenolic resin.
Mechanical behavior under impact conditions were analyzed through the experimental Fragment Simulating
Projectile (FSP) and Full-Metal Jacketed (FMJ) impact tests on aramid flat plates. From this point, the helmet
numerical model, developed using the commercial code ABAQUS/Explicit, was optimized in order to reach the
required ballistic limit. Since the aramid composite mechanical properties depends on fiber orientation, a user-
defined subroutine VUMAT was developed to simulate the composite behavior under ballistic penetration. For the
final validation of the proposed numerical model, experimental impact tests on helmets were performed showing
good agreement with the numerical predictions.

1. INTRODUCTION

Given the recent rise in terrorism, civil and international conflicts, the number of people afflicted
with war-related traumatic brain injuries (TBI) is set to increase. In this sense, TBI is most often related
to their exposure to blast and ballistic threats, such as those from shrapnel, shell fragments, and bullets.

In order to minimize the morbidity and mortality resulting from ballistic head injuries, it is
particularly important to ensure that personal protective equipment, especially the combat helmets, are
capable and effective in providing protection from ballistic impact. However, even using a proper
helmet, other serious injuries can be emerged such as behind helmet blunt trauma (BHBT). This trauma
is due to non-penetrating ballistic impacts and is often associated with helmet back face deformation
(BFD) [1]. Several works have focused on analyzing this effect [2-7].

Combat helmets have evolved considerably over the years: the first generations of helmet were
made of steel advancing to the current generations in general based on aramid composites [8]. The
most common aramid composite, Kevlar®, presents excellent properties as high strength, high
modulus, and high strength-to-weight ratio. The large scale deformation of the yarns offers penetration
resistance against incident high energy projectiles [9].

Innovative helmet designs require testing of structural elements constituting the personal protection.
In order to reach proper protection, manufacturers subject the helmet to series of ballistic tests. Ballistic
impact tests used by manufacturers are defined in NIJ STANDARD 0106.01 for ballistic helmets [10]
and STANDARDIZATION AGREEMENT (STANAG) 2920: Ballistic Test Method for personal
armor materials and combat clothing. These standards are the most used by the manufacturers [11].

STANAG 2920 [11] uses chisel-nosed fragment-simulating projectiles for proof-testing. The 1.1 g
(17 grain) fragment simulating projectile (FSP) with 0.22-caliber (5.5mm diameter) is most commonly



used. This standard is used to calculate Vs, of a specimen, which is defined as a striking velocity for
which there exist a 50% probability of perforation of the barrier or some protective device [12]. In the
simplest approach, Vs, could be determined by averaging six projectile-striking velocities that include
three lowest velocities that resulted in complete penetration and the three highest velocities that
resulted in a partial penetration [13].

NIJ-STD-0106.01[10] establishes performance requirements and methods of testing helmets
intended to protect the wearer against gunfire. The standard classifies ballistic helmets into three types
by the level of performance. This study focuses on Type II which establishes ballistic impact
performance requirements for a helmet when impacted by a 9 mm full-metal jacketed (FMJ) bullet
weighing 8g (124 grain) from the front, side, rear and top of the combat helmet at 425 + 15m/s. A pad
system and headform with Roma Plastilina No 1 are used to measure the helmet back face deformation.
The helmet pad used was the Oregon Aero interior foam cushioning system.

Despite the importance of carrying out experimental tests, specimens are difficult to obtain, and
testing can be lengthy and expensive. In this sense, numerical modeling provides an interesting tool for
characterizing the physics of the problem in terms of relevant mechanical variables such as stress,
strain, and acceleration. Therefore, numerical models can be used as a virtual testing tool in order to
optimize materials and designs against different situations.

The objective of this work was to develop a numerical finite element modelable to determine the
response of a new combat helmet, developed by FECSA, subjected to ballistic impact. Experimental
tests on plates were performed in order to obtain material properties and to calibrate the numerical
model. Predicted results for the designed helmet under ballistic impact will be compared with real
impact tests showing the accuracy of the model and its ability to be used as an optimizing design tool.

2. BALLISTIC BEHAVIOUR OF ARAMID PLATES

Experimental tests were carried out according to standards described above with the objective of
analyzing the mechanical behaviour of the aramid composite under ballistic impact. A numerical model
has been developed and calibrated with these experimental tests. This model will be used to further
simulate the combat helmet in order to predict the efficiency of the helmet under ballistic impacts.

The dimensions of aramid composite specimens considered are 400 x 400 mm with areal density
8.86 kg/m’. The aramid composite specimens contain more than 20 laminate layers and are molded
with Kevlar 29/polyvinyl butyral-phenolic composite. The specimens were made by a compression
molding process

2.1. Numerical Model

The model was developed using the finite element (FE) commercial code ABAQUS/Explicit
based on a Lagrangian approach, allowing efficient reproduction of the dynamic loading processes.
The contact between the projectiles and the plates was defined with a penalty contact algorithm and
hard contact model according to ABAQUS code user manual [14]. The “‘hard contact’” option allows
automatic adjustment of the stiffness, generated by the “‘penalty contact algorithm”, to minimize
penetration without adversely affecting the time increment.

Concerning frictional effects, it is assumed a dynamic frictional coefficient u equal to 0.3
between steel and composite. Additionally, the coefficient of friction between the metal and Roma
Plastilina No. 1 was 0.193 according to [22].

The details of the FE model are described in the following paragraphs:
2.1.1 Aramid composite plates
Target plates were meshed with C3D6 elements (6-node linear triangular prism) [14] with an

element size of 4 mm. The FE model of the plates is simplified to just 4 layers to reduce computational
cost and increase computational efficiency [15].



The behaviour of the aramid composite was modelled through the introduction of a user
subroutine VUMAT assuming elastic behaviour up to failure. Failure was predicted using the Hashin
failure criteria [16] implemented in a VUMAT user subroutine [15] (parameters presented in Table 1).
Numerous studies on low and high-velocity impact have demonstrated the accuracy of Hashin failure
criteria to model the dynamic behaviour of woven composites, see for example [13,15,17].

Table 1. Failure properties of aramid composite [15,18].

XI; (MPa) | Xlc (MPa) | X2y (MPa) | X2. (MPa) | X3;(MPa) | X3. (MPa) | Si, (MPa) | Si; (MPa) | Sy (MPa)
555 555 555 555 1050 1050 77 1060 1086

2.1.2 Fragment Simulating Projectile (FSP)

The projectile used in the simulation is a 1.1 g FSP based on STANAG 2920[11] which is made
of AISI 4340. The FSP was meshed with C3D6 elements and average size 0.3 mm, Figure 1.

Figure 1. Numerical model of Fragment Simulating Projectile (FSP).

The thermo-viscoplastic material behaviour of the FSP material is defined using the Johnson-
Cook (JC) model [19]. The JC model is generally pre-implemented in finite element (FE) codes,
including ABAQUS/explicit.

For AISI 4340, the parameters of the constitutive equation were obtained from Ozel, et.al. [20]
and are shown in Table 2 together with other physical properties.

Table 2. Mechanical properties of AISI 4340 [20].

Elasticity Thermo-viscoplastic behaviour
E(GPa) v(-) A(MPa) B(MPa) n(-=) &Y ¢c(=) m(-)
210 0.3 792 510 0.34 1 0.014 1.03
Other physical constants
p(kg/m*) B(=) C,J/kg K) To(K) T (K)
2700 0.9 477 293 1793

Moreover, the model took into account the relationship between pressure, mass-density, and
internal-energy density/temperature by Mie—Gruneisen EOS. The material parameters of EOS are taken
from [14], Table 3.

Table 3. Material parameters of EOS [14].

Co(m/s) S, Iy
3935 1.578 1.69

2.1.3 Full Metal Jacket (FMJ) Bullet.

The dimensions and FE mesh of a 9 mm FMJ bullet, weighing about 8 g, are shown in Figure 2.
The dimensions are specified according to the STANAG 4090 Ed.2 [10]. The bullet has two
components: a copper jacket and a lead core. Seven hundred and fifty-two hexahedral elements are
used in discretizing the FMJ bullet. The copper jacket material is further modeled by the Johnson Cook




model and damage initiation criterion (Table 4) while the lead material is assumed as elastic with EOS
(Table 5) [21].

a) b) c)
Figure 2. Numerical model of a) Full Metal Jacket (FMJ); b) cartridge brass and c) lead core

Table 4. Mechanical properties of cartridge brass [21].

Elasticity Thermo-viscoplastic behaviour
E(GPa) v(-) A(MPa) B(MPa) n(-) g(s™) C(-) m(-)
210 0.3 112 505 0.42 1 0.009  1.68
Johnson Cook Damage
D, D, D, D, D;
0.54 4.89 0.014 3.03 1.12
Other physical constants
p(kg/m*) B(-) C,U/kg K) To(K) T (K)
2700 0.9 477 293 1793

Table 5. Mechanical properties of lead core [21].

plkg/m®) | E (MPa) | Co(cm/ps) Sa Io
11840 200 3935 1.429 2.60

2.1.4 Roma Plastilina No.l.

The material used in this work is a commercially available soft Roma Plastilina No. 1 clay, colour
grey-green. The mechanical behaviour has been modelled based on the Ludwik constitutive relation
(Equation 3) according to [22].

= m
5 = k(eP)n (2
&= k)" (%) (3)
where k is the material constant, n is the strain hardening coefficient, m is the strain rate sensitivity
coefficient and & is the initial strain rate usually set to 1. The material properties are listed in Table 6
[22,23].

Table 6. Mechanical properties of Roma Plastilina No. 1

p(kg/m*) | E (MPa) v(=)
1529 492 0.49

2.2 Experimental tests on plates

Seven shots have been conducted with 1.1 g FSP based on STANAG 2920 with a velocity of 650
+ 40 m/s. The Spanish Military Standard NME-2786 [24] establishes that the Vs, must be equal to or
higher than 650 m/s for all tests. The result of Vs, after seven shots (Table 7) was 687 m/s for aramid
composite plates, this value was higher than that obtained by other researchers for aramid composite
plates (586 m/s [25], 610 m/s [14]) and more similar to the 680 m/s obtained by Colakoglu et al. [26].
The differences between our result and the others may due to differences in the experimental set up.
The Figure 3 shows the final stage of the penetration for the front and back side



a) b)
Figure 3. Final stage of the STANAG 2920 tests for seven shots. a) Front and b) back sides.

In accordance with NIJ-STD-0106.01 protocol, seven shots were conducted with 9 mm full metal
jacket (FMJ) bullet, with nominal mass of 8.0 g (124 grain) and velocity of 425 + 15 m/s. Figure 4
shows the final stage of the penetration for front and back side.

a)

Figure4. Final stage of the test conducted using NIJ STANDARD 0106.01 protocol for seven shots. a)
front and b) back sides.

2.3 Calibration and validation of the numerical model

In order to optimize the numerical model for the aramid composite under ballistic impact,
experimental results have been used for comparison.

The numerical process of the impact is shown in Figure 5 for an interval of 0-50 ps. It can be

observed that the FSP moved very little from =40 us. This is consistent with the impact velocity
evolution of the FSP (Figure 6) and with the experimental result of V5.
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Figure 5. Evolution of the impact process for aramid composite plates using STANAG 2920 protocol.
Initial velocity= 697 m/s.



In order to calibrate and validate the numerical model, more experimental tests were performed. The
experimental tests were carried out using spherical projectiles of diameter 7.5 mm. The table 7 shows
the data obtained.

Table 7. Validation of numerical model for impact tests using spherical projectiles.

NeTest Vo(m/s) | VZP (m/s) | V™™ (m/s)

3 537 0 0

4 579 0 0

6 593 167 165
5 612 240 186
8 650 332 338
7 661 385 385
2 693 469 469
1 782 563 540

The NIJ-STD-0106.01 was taken into account for the other calibration. An evolution of impact
process by numerical simulations is shown in Figure 6.

___ 9 1 |

t=10us

=30 us t=50 us t=78 us

Figure 6. Evolution of the impact process for aramid composite plates using NIJ-STD-0106 protocol.
The initial impact velocity= 425 m/s.

The values of Back Face Deformation (BFD) obtained can be summarized in Table 8 for impact
velocity V=425 m/s. The experimental BFD obtained was 21.8 + 1.35 mm while the numerical one
was 20 mm. These values are similar to BFD obtained by Colakoglu et al. [26], 21.6 mm. The
difference between our values and those in the literature was due to aramid composite used in [26].
Those were 9.28 kg/m’ while the plates in this study were 8.86 kg/m”. The experimental BFDs
increased because the impact tests were sequential and the plate damage also increased.

Table 8. Comparison of Back Face Deformation (BFD) for aramid composite plates.

N° Test Experimental (mm) Numerical (mm) Colakoglu
etal [25]
1 18
2 20
3 2 20 21.6
4 23




5 26
Average 21.8+1.35

3. BALLISTICS TESTS ON COMBAT HELMETS

Once the mechanical behavior of the aramid composite was calibrated with impact on flat panels, a
numerical model for a combat helmet was developed and compared with the experimental tests on
combat helmets in order to obtain the Vj, velocity.

3.1. Numerical combat helmet model

The combat helmets were subjected to impacts with FSP projectiles according to STANAG 2920
(aramid model and FSP described insection 2.1). So, the proper combat helmet and interior foams have
been considered.

3.1.1 Combat helmet

A new combat helmet shell was developed by the Spanish company FECSA (Figure 7 a) using a
compression molding process. The FE helmet model (Figure 11 b) was modelled with 4 layers as the
plates described in section 2.1.

l =

Figure 7. a) New combat helmet shell developed by the Spanish company FECSA; b) Numerical
model of shell combat helmet.

3.1.2 Interior foams

The interior foams were modelled using the Low Density Foam material model available in
ABAQUS which is intended for low-density, highly compressible elastomeric foams with significant
rate sensitive behaviour, such as polyurethane foam. The model requires as input, the stress-strain
response of the material for both uniaxial tension and uniaxial compression tests. Rate-dependent
behaviour is specified by providing the uniaxial stress-strain curves for different values of nominal
strain rates [14]. The mechanical behaviour of the Oregon Aero (OA) foam padding is obtained from
literature [15] assuming that it is a homogenous material. The mesh of foams was 105628 hexaedral
C3D8R with average size 4 mm, Figure 8.
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Figure 8. Numerical model of Oregon Aero (OA) foam.

3.2 Validation of numerical model with experimental tests on combat helmet

Eight shots in a wide range of impact velocities (663.6 m/s <V, < 732 m/s) (Table 9) in
different places of the helmet were performed (Figure 9), resulting in an experimental Vs, of 697 m/s
(higher than calculated by other researchers [14, 27, 28]).



c) Rightside

d) Leftside

Figure 9. Final stage of the STANAG 2920 tests on combat helmets

The numerical process of the impact is shown in Figure 10 where the FSP is stopped by combat helmet
shell for a V5i=697 m/s. Detail of the final stage of the impact process can be observed in the Figure

11.

t=0us t=10us
t=20 us t=40 us
=50 us t=60 us

Figure 10. Evolution of impact process on combat helmets using the STANAG 2920 protocol with an

initial impact velocity= 697 m/s.



Figure 11. Detail of Final stage of the impact process on combat helmets using the STANAG 2920
protocol.
Table 9. Experimental and numerical tests in order to obtain the V50 velocity.

Impact Velocity Experimental Numerical results

m/s) result§ i .
Perforation Residual velocity (m/s)

663.6 Partial -
683.2 Partial -
689.7 Partial -
697.0 Partial -
701.1 Complete Very low (~ 0)
701.7 Complete Very low (~ 0)
718.5 Complete 20
732.0 Complete 177

In order to clarify; the evolution of FSP with time, data have been plotted in the Figure 13. In this
figure, the bullet kept moving on until £=0.08 ms.
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Figure 13. Evolution of impact velocity on combat helmet using STANAG 2920 protocol. Case: front
impact.

4. CONCLUSIONS

In this work, a finite element model has been used to optimize a new combat helmet developed by the
Spanish Company FECSA S.A. The mechanical properties of the aramid composite have been
calibrated from FSP and FMJ impact tests on aramid flat plates. These properties have been
implemented in a complete numerical helmet model. The model may be considered in order to improve
and optimize the combat helmet. The model has been used as a predictive tool to calculate the ballistic
limit on the new combat helmet. The Vj, velocity obtained was 697.0 m/s which is higher than values
found in the literature for similar configurations. The results of this work have demonstrated that the
helmet evaluated in this study has the potential to meet the requirements established by manufacturers
for helmet performance against a specific set of ballistic treats.
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