INNOVATIVE MECHANICAL ENGINEERING ISSN 2812-9229 (Online)
University of Ni§, Faculty of Mechanical Engineering
VOL. 3,NO 1, 2024, PP. 79 - 89

Original scientific paper*

FEM-BASED STUDY OF A BULLET IMPACT
ON A COMPOSITE PLATE

Jovica Tasi¢!, Dragan Marinkovi¢!'?

"University of Ni§, Faculty of Mechanical Engineering, Serbia
?Berlin Institute of Technology, Department of Structural Analysis, Germany

Abstract. This paper investigates numerically the resistance of a composite plate
exposed to the bullet impact load. A 9 mm caliber bullet hits a three-layer plate made of
Keviar 49 material. For this case of impact analysis, a numerical simulation is performed
using the finite element method. The simulation is realized in Abaqus sofiware. As a high-
velocity impact is analyzed with significant nonlinearities involved, an explicit time-
integration scheme is selected as a suitable option. The prediction of plate damage is
based on the Hashin criteria defined in a VUMAT subroutine, which is written in
FORTRAN programming language. The objective of the work is to analyze how the
selected sequence of layers influences the results of the bullet impact. The obtained
results are of great significance in the ballistic vests industry, which develops products
for passive protection of the user.
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1. INTRODUCTION

Composite materials [1] are increasingly used as modern materials that enable light and
strong structural designs. They are most often used in the form of laminates, obtained by
bonding together several layers, each made of a composite material. Such a material design
offers numerous options for tailoring material properties by changing the number and
thickness of the layers, orientation of the fibers, proportion, form and arrangement of
constitutive materials, as well as the constitutive materials of individual layers. In this
manner, a composite laminate can be easily adopted to a wide range of requirements from
the structural design. As a consequence, they are used in automotive, aviation, aerospace,
aeronautical, defense, sport and other industries. A number of research works, such as [2, 3,
4, 5] investigated numerically and experimentally various properties of composite materials.
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Some specific applications of composite materials demand knowledge of the limit values
of certain properties. Those may be obtained experimentally, but also numerically by
performing adequate simulations. As composite laminated structures belong to thin-walled
structures, their efficient FE-modeling and simulation are typically done by means of suitable
shell elements [6, 7] as well as by means of the isogeometric FE approach [8]. Regarding
dynamical behavior, the simulation can be sped up by several order of magnitudes by using
model order reduction techniques, such as the modal superposition method. Most of those
techniques are applicable in the realm of linear structural behavior, although some recent
research works allow their extension to cover modest nonlinearities [9, 10]. In cases where
highly localized mechanical behavior is of interest, such as impact analysis, 3D elements are
needed to recover the mechanical behavior and the induced stresses in details.

In this paper, the composite plate was numerically tested for impact load, in a similar
fashion as it has been done in the work by Narayanamurthy et al. [11]. The simulation was
realized in Abaqus software, using the finite element method (FEM). The determined stresses
and the resulting failure coefficients were used to predict the plate damage. There are several
criteria according to which it is possible to make a prediction: Tsai-Hill [12], Azzi-Tsai-Hill
[13], Tsai-Wu [14], Hashin [15]. The Hashin Failure Criterion was used in the paper. In the
main program of the software, the subroutine VUMAT for the explicit, dynamic solver is
implemented, where the material law is applied. As a part of the VUMAT subroutine, another
subprogram was used, written on the basis of the Hashin criteria, which is intended for
monitoring the values of the failure coefficients. The visualization of the simulation results
showed an image of the plate stress, and the subprogram provided the values of the Hashin
coefficients. The analysis of the results served to evaluate the state of the proposed solution
as well as to consider the possibility of improvement.

2. FAILURE CRITERIA

Failure criteria are commonly used in finite element analysis (FEA) to predict failure
events in composite structures [16]. The most commonly used are strength-based failure
criteria. They are:

Maximum stress criterion, Maximum strain criterion, Truncated maximum strain criterion,
Interacting failure criterion.
The failure criterion is defined by means of failure index given as:

stress

F= strength (1)
A failure occurs when /> 1. The strength ratio is the inverse of the failure index
R = l — strength (2)
Ir stress

Failure is predicted when R < 1.

2.1 Hashin Failure Criterion

The Hashin Failure Criterion (HFC) proposes four separate modes of failure:
Fiber tension, Fiber compression, Matrix tension, Matrix compression.
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These are defined by the following four equations, as follows:
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where a is a weight factor to give more or less emphasis to the influence of shear on fiber
failure.
In the above equations, according to Abaqus Analysis User’s Manual [17]:

F1; denotes the longitudinal tensile strength, Fi. denotes the longitudinal compressive
strength, F>; denotes the transverse tensile strength, F>. denotes the transverse compressive
strength, F4 denotes the transverse shear strength, Fs denotes the longitudinal shear strength,
o1, 02, and os are components of the effective stress tensor, o, that is used to evaluate the
initation criteria and which is computed from:

oc=Mo @)
where o is the true stress and M is the damage operator:

1
[(1‘df) 0 0 ]
1
0 i 0‘ (8)
1
0 (1-ds)

M =

Here, dj, dn, and d; are internal (damage) variables that characterize fiber, matrix, and shear
damage, respectively. They are derived from damage variables d';, d; d'w, and d‘,
corresponding to the four modes previously discussed, as follows:

. dfifo; 20 9
7 |dfifo, <0 ©
_ (dbifo, =0
. = {dfn ifo, <0 (19)
dy=1-(1-df)(1—-df)(1 —dt)(1 —d) (11)

3. FINITE ELEMENT MODELING

3.1 Creation of models

To create conditions for the simulation, the analysis object was modeled in Abaqus
software. Since it is the contact analysis of the impact between two bodies, a 9 [mm] bullet
grain model [18] and a three-layer composite plate model were created.
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The grain of the bullet is modeled in an ellipsoidal shape using the technique of rotation
around the y-axis, according to the dimensions in accordance with the technical
description, where the semi-major axis is 10.5 [mm] and the minor semi-axis is 4.5 [mm],
Fig. 1. The center of mass, m = 8 [g], is located at the top of the bullet in the form of a
reference point. The bullet is placed as a rigid body ("Discrete rigid"), without the
possibility of deformation. It is discretized with finite elements of the type "R3D4 A
4-node linear quadrilateral elements" and "R3D3 A 3-node linear triangular elements",
with a total of 2900 elements. The mesh is more finely divided near the top of the bullet,
Fig. 1.
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Fig. 1 Contactor model, bullet grain 9 [mm]

The plate is modeled in a three-dimensional square-shaped space with dimensions 100
x 100 [mm], Fig. 2.
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Fig. 2 Target model, composite plate
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The structure of the plate is in the form of a 3D deformable plate. It consists of three
layers, which make up the total thickness of the plate of 9 [mm]. The orientation of the
layers is as follows: [45/90/-45]. It is discretized with elements of the type "C3D8R A
8-node linear hexahedral elements". A total of 465660 elements were used. In the area
where the highest stresses are expected, the discretization mesh is of a finer division.

3.2 Material

Based on the criterion that the material should be resistant to impact loads, a design for
damage tolerance is recommended. As Kevlar fibers and tough matrices can provide the
necessary impact and damage propagation resistance, the type of Kevlar 49 material was
chosen. Kevlar composites have low density, high tensile strength, and excellent toughness
and impact resistance.

Table 1 Properties of Kevlar 49 material

Property Value
Density, p 1380 [kg/m?]
Longitudinal modulus, £ 80 [GPa]
Transverse in-plane modulus, £ 5.5 [GPa]
Transverse out-of-plane modulus, £5 5.5 [GPa]
In-plane shear modulus, G, 2.2 [GPa]
Out-of-plane shear modulus, G» 1.8 [GPa]
Out-of-plane shear modulus, G3 2.2 [GPa]
Major in-plane Poisson's ratio, v12 0.34
Out-of-plane Poisson's ratio, 03 0.40
Out-of-plane Poisson's ratio, v;3 0.34
Longitudinal tensile strength, F, 1400 [MPa]
Transverse tensile strength, F, 30 [MPa]
Out-of-plane tensile strength, F, 30 [MPa]

Longitudinal compressive strength, F. 335 [MPa]
Transverse compressive strength, F>. 158 [MPa]
Out-of-plane compressive strength, F3. 158 [MPa]

Out-of-plane shear strength, F;4 [MPa]
Out-of-plane shear strength, Fs 37 [MPa]
In-plane shear strength, Fe 49 [MPa]
Damping parameter 10

In accordance with the properties of the selected material, according to Issac [19],
density p, modulus of elasticity £, E», E3, and shear modulus G1, G», G3 in the longitudinal
and transverse directions, and Poisson's coefficients via, v23, v13 were defined, with the
values shown in Table 1. Also, the strength coefficients are defined as follows: tensile
strengths F'i,, Fo, F3,, compressive strengths Fi., Fa., F3. along the principal ply direction,
and shear strengths Fi, Fs, and Fs, as shown in Table 1.
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3.3 Initial and boundary conditions

Initial and boundary conditions determine the movement of the bullet and how the plate
is supported, respectively. The bullet is defined to move in a straight line along the negative
z-direction V3 = -100 [m/s] with the effect of rotation around the z-axis counter- clockwise
VR3 = 3500 [rad/s]. The plate is supported at all ends (U;=U,=Us=UR=UR,=UR3=0), as
shown in Fig. 3. The bullet hits the central part of the plate at a right angle producing a
load. As the load on the plate is greatest when the bullet strikes at an angle of 90 degrees,
the worst possible scenario is observed.
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Fig. 3 Initial position and constraint conditions

4. SIMULATION

The simulation was realized in Abaqus based on the previously prepared models and
defined initial conditions. It is a nonlinear contact analysis in which the contactor is the
grain of the bullet and the target is a composite plate. Since the impact is instantaneous, the
explicit dynamic solver of the mentioned software was used. The duration of the simulation
is 1= 510" [s] and it was realized in 89273 integration steps. The correct choice of duration
and a sufficient number of steps was a necessary condition for the stability of the
simulation. Since the software supports the possibility of implementing subprograms, an
algorithm was written to control the flow of the simulation. The main software program is
called the VUMAT subroutine, written in the FORTRAN programming language [20],
according to instructions in Abaqus User Subroutine Reference Manual [21]. The
subroutine code is used to solve the problem. The algorithm flow is the following: reading
material properties according to Table 1, calculating the stiffness matrix, updating the total
strains and stresses at each integration step, failure evaluation, and integrating the internal
specific energy. In the damage monitoring part, another subprogram is called within the
VUMAT subroutine, which is written according to the material laws of the Hashin criteria.
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Read material properties

v

Compute terms of stiffness matrix

v

Assume purely elastic material at the
beginning ofthe analysis

v

Update total elastic strain

v

Stress update

!

Failure evaluation

Call
Hashin subroutine 1—‘

v

Integrate the intemal specific energy

Fig. 4 Algorithm, VUMAT subroutine

Hashin’s subprogram uses two “If” conditions of inequality in the form of normal
stresses o1, 02, which control the further course of determining the coefficients of failure,
according to the algorithm shown in Fig. 5. Stress o) determines the coefficient of fiber
tension or compression (Egs. (3) and (4)), while ¢, determines the coefficient of matrix
tension or compression (Egs. (5) and (6)). If condition o > 0 is satisfied, Eq. (3) is applied,
otherwise Eq. (4) is applied. If condition o> > 0 is satisfied, Eq. (5) is applied, otherwise
Eq. (6) is valid. Eqgs. (3) to (6) are used to calculate the failure index I, or the strength ratio
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R, Eq. (2). If they satisfy the condition that the failure index /»> 1, that is the strength ratio
< 1, the plate is predicted to be damaged.

Read the state variable
value of the nth step

O @ ag

Prp=(c1/F1)* + olos/ Fs) Prp = (o)/F1.F
IFrr_(‘j“F“l’)—i_(G‘ &) PF»-——(G1‘}F4)+

[(Fa/2F3) -1]oa/ Fa + (06/Fs)’

|

Update field variables
Modify model parameters

END

Fig. 5 Hashin subroutine

4. RESULTS AND DISCUSSION

The results of the simulation are shown in 100 images and enable the monitoring of the
stress distribution during the realization. The bullet impacts the plate with a certain velocity
and rotation. The maximum stresses increase according to the transfer of energy from the
bullet to the plate. The visualization of the results showed that the specified stresses were
sufficient to cause damage to the plate in the form of a crack. A sufficient number of
integration steps allowed the monitoring of the crack formation in the impact zone, Fig. 6.
The installation of a three-layer composite plate, with the correct choice of materials and
orientation of the layers, prevented the crack from spreading above the impact zone, as
well as the failure of the complete plate.
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Fig. 6 Display of plate cracks in the y-z plane

The final values of the monitored variables were recorded as relevant. In Fig. 7, the von
Mises stress is shown as S with the maximal value of 6=1.292-10° [Pa]). Figs. 8 and 9 show
the normal stresses S); (maximal value ¢;=1.301-10° [Pa]) and S,» (maximal value
0,=2.088-107 [Pa]).

S, Mises[Pa] S, S11[Pa]
(Avg: 75%) (Avg: 75%)
+1.292e+09 +1.301e+09
+1.185e+09 +1.168e+09
+1.077e+09 +1.035e+09
| +8.693e+08 +9.014e+08
+8.616€+08 - +7.683e+08
+g.§gge+8g +6.351+08
+6.462e+ +5.020e+08
+5.385e+08 +3.688e+08
+4.308e+08 +2.357e+08
+3.231e+08 - +1.026e+08
+2.154e+08 3.060e+07
+1.077e+08 1.637e+08
+0.000e+00 -2.969e+08

z x

Fig. 8 Normal Stress S;;, o; [Pa]

z x

Fig. 7 Von Mises Stress, o [Pa]

S, 522[Pa]
(Avg: 75%)
+2.088e+07
- +2.051e+06
-1.677e+07
-3.560e+07

Fig. 9 Normal Stress S2,, 02 [Pa]

During the realization of the simulation, the failure coefficients were simultaneously
recorded in a separate (£xt) file. The coefficients are presented in the form of a graph, where
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the x-axis indicates the number of data, while the value of the coefficient is given on the
y-axis, Fig. 10.
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Fig. 10 The failure coefficients

From the analysis of the graphs of all coefficients, it can be concluded that the
compression matrix coefficient /r,. has the greatest influence, since it satisfies the
condition of being greater than one /r> 1, according to the given criteria. The results of the
failure index agreed with the simulation results for stress. In this way, the correctness of
the setting and implementation of the simulation in a customized software according to the
given problem was confirmed.

6. CONCLUSIONS

This paper was concerned with the numerical simulation of the ballistic impact of a
bullet on a composite plate using a nonlinear explicit solver available in Abaqus. The bullet
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and plate models are discretized with finite elements. A 9 [mm] bullet is defined as a rigid
body. The three-layer plate is in the form of a deformable shape and is made of Kevlar 49.

We used the finite element method to test the resistance of the composite material to
impact loading numerically. For this purpose, a VUMAT subroutine was implemented in in
Abaqus. The subroutine was written in the FORTRAN programming language with Hashin’s
failure criteria. Hashin's subroutine allowed tracking of the values of the failure coefficients.
The results of the coefficients agreed with the simulation results for stresses. Failure criteria
were shown to be successful in predicting damage caused by impact loading.

The result of the numerical analysis reveals that the plate would not break and it can be
concluded that this plate set meets the requirements for user safety. Further work will focus
on experimental verification of the obtained numerical results.
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