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Abstract: Ballistic impact mitigation requires the development of protective armor applications
from composite material systems with good energy absorption and penetration resistance against
threats, e.g., metallic projectiles. In this aim, high-strength and high-stiffness soft fibrous composite
materials (such as ultra-high molecular weight polyethylene—UHMWPE) are often used. The high
specific strength feature is one of the main reasons for using these soft composite systems in ballistic
impact applications. In the present investigation, experimental and computational finite element
(FE) studies were carried out to investigate the ballistic behaviors of these soft layered composite
targets. To this end, a new FE multi-scale analysis framework for ballistic simulations is offered.
The proposed analysis presents a new meso-scale sublaminate material model, which is applied to

Dyneema®

cross-ply laminate in order to predict its behavior under ballistic impact. The sublaminate
model is implemented within an explicit dynamic FE code to simulate the continuum response in
each element. The sublaminate model assumes a through-thickness periodic stacking of repeated
cross-ply configuration. In addition, a cohesive layer is introduced in the sublaminate model in
order to simulate the delamination effect leading to the subsequent degradation and deletion of the
elements. This new approach eliminates the widely used costly computational approach of using
explicit cohesive elements installed at pre-specified potential delamination paths between the layers.
Furthermore, in-plane damage modes (such as fiber tensile, and out-of-plane shearing) are also
accounted for by employing failure criteria and strain-softening. The obtained quantitative results
of ballistic impact simulations show good correlation when compared to a relatively wide range of
experiments. Moreover, the simulations include evidence of capturing the main energy absorption
mechanisms under high-velocity impact. The proposed modeling approach can be used as a useful
armor design tool.

Keywords: layered structures; impact behavior; finite element analysis; delamination; ballistic exper-
iments

1. Introduction

High costs and the limited amount of data from ballistic experiments have led re-
searchers to develop numerical models for predicting the performance of fabric armor
systems under ballistic impact. Moreover, the predictive capability of the numerical method
in such cases is used to guide armor designers and to upgrade the basic understanding of
the mechanics of ballistic penetration beyond the current analytical methods and experi-
mental capabilities. These models have been the subject of interest for many years in the
defense and commercial industries. However, due to the complexity involved in describing
the response of fabric armor, most models attempt to provide the most acceptable trade-off
in performance analysis. The complicated composition leads to several failure mechanisms.
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These can be attributed to constituents having different properties and many layer orienta-
tions, which make the modeling of such composites more complicated, compared to heavy
steel armor.

This complexity of the problem has forced researchers [1,2] to accept certain sim-
plifying assumptions to make the problem more tractable. Thus, lannucci and Pope [2]
presented a model, which is based on Cunniff’s [3] dimensionless equations for ballistic
impact systems. Their model uses shell elements without delamination between the layers.
Comparison between the model results in real impact tests demonstrating the challenge
to represent all the failure mechanisms, but it showed qualitatively similar deformation
and the same response as the impact tests. The success of the model was based on set-
ting the correct properties of the tensile, compressive and shear response of the material.
Sharma et al. [4] developed a finite difference model of an ultra-high molecular weight
polyethylene (UHMWPE) composite plate, Dyneema UD66 HB1, under ballistic impact
and compared it to ballistic range experiments. Their model does not present the microme-
chanical failure mechanisms, since it was simple and two-dimensional. However, the
main failure mechanisms at the macro level were shown, and good agreement with the
experimentally measured velocity was presented. A numerical model for the material’s
V50 prediction was developed by Heisserer and Van der Werff [5]. The material was mod-
eled by representative continuum elements, with strong in-plane orthotropic properties.
Each directions’ failure criterion was calibrated to adjust one of the low ultrasonic velocity
measurements that determined the parameters of the linear elastic stiffness matrix. A
parametric study of the strength, density and inputted modulus was carried out and the
predictions of the model agreed well with the experiments. The results showed a reduction
in the ballistic performance with higher modulus, while higher strength enhances it.

One of the greatest challenges in the understanding of a composite material armor
system under ballistic impact leans on characterizing the energy absorption mechanisms
it possesses. Mines et al. [6] identified three modes of energy absorption when analyzing
the ballistic perforation of composites with different shapes of projectile: local perforation,
delamination and friction between the projectile and the target. They also identified three
through-thickness regimes in terms of local perforation, namely: I—shear failure, II—tensile
failure and Ill—tensile failure and delamination. Delamination can propagate under Mode
I (opening) and Mode II (shear) loading. Out of these three regimes, the through-thickness
perforation failure is dominated by shear failure (observed by [7], as well). Three energy
absorption mechanisms were quantified and considered by Morye et al. [8] in response
to the polymeric composite system: kinetic energy of the formed bulge, tensile failure
of primary yarns and the elastic deformation of secondary yarns. A comparison was
made between the high-speed photography data and the numerical results. For most of
the tested materials, a good correlation was shown, but not for the Dyneema. It can be
assumed that one of the reasons is neglecting delamination—the main failure mechanism
of Dyneema [9-11]. The numerical model of Harel and Marom [12] was based on the
energy absorption summation of cross-ply plates such as PE (Polyethylene)/PE [0/90] by
two mechanisms: delamination energy and fiber breakage energy. The total energy was
compared to the measured kinetic energy of the bullets. It found that the delamination
energy was much more dominant compared to the energy of fiber breakage. Another work
with a similar conclusion was carried out by Cunniff [3]. Two energy absorptions of an
armor system were numerically modeled: fiber breakage—strain energy due to fiber axial
elongation, and kinetic energy—resulting from transverse velocity of the system. A good
match was received between the model’s predictions and the experimental results. It was
found that when the projectile’s velocity was much higher than the critical striking velocity,
energy absorption such as fiber breakage is negligible.

Parametric investigation allows one to not only calibrate the numerical model against
analytical and experimental results, but also rapidly study the effect of many factors
such as material properties [13], geometry, friction, and projectile characteristics on the
impact performance. To determine the system effects of single-ply and then fabric plies



J. Compos. Sci. 2021, 5, 21

30f29

in body armor systems, Cunniff [14] compared the reaction of spaced armor systems
to actual multiple-ply systems. He noted that the energy absorption characteristics of
body armor systems under ballistic impact depend on material parameters (constitutive
properties and material failure criteria), construction parameters (system areal density,
fabric type and number of fabric plies) and impact conditions (geometry, projectile mass
and striking velocity). The work of Naik et al. [15] considers parameters such as perforation
and the partial penetration of the projectile into the target [16], cone (bulge) formation
on the exit side of the target [7,17], effect of stress wave transmission factor, thickness
of the target [10,17] and the mass and diameter of the projectile [10]. Other parameters
such as ballistic limit [10,16-18], contact duration at the ballistic limit [10] and residual
velocity [10,18], were studied in function of the different target and projectile parameters.
The parameters which were predicted and compared with those from an experiment in
Lim et al.’s [19] investigation were the ballistic limit, residual velocity, energy absorption
and transverse deflection profiles of the fabric.

Similar to Lim et al.’s work, Ramadhan et al. [20] performed a numerical parametric
study to predict the energy absorbed by the target, ballistic limit velocity and comparison
between experimental and simulation work.

In the present article, a model is offered based on the sublaminate model [21], which
was mainly developed for thick-section composite laminate. Despite the fact that thick-
section composites, nearly up to failure, may show almost linear overall structural behavior,
nonlinear response can emerge too (the presence of structural discontinuities and edge
effects, such as holes, tips and cutouts). For this reason, it was important to develop an
analysis method—the sublaminate model, for this kind of composites, which includes both
3D and nonlinear capabilities. There are three main advantages of the model:

First, its ability to modify the tensile and shear modulus, in-plane tension and shear
on each step in the analysis (see Section 2.1.2).

The model allows to simulate the local delamination damage throughout itself, in
order to degraded the out of plane (OP) properties (so-called distributed delamination, see
Section 2.4.1), by weakening the material’s effective properties without actually inserting a
gap where the cohesive layer is placed.

The method for implementing the three dominant failure modes with the Tsai-Wu
failure criteria into the sublaminate model is shown in Section 2.4.3.

The current study aimed to perform a parametric study on this new computational
model of high-velocity impact simulations, representing the Dyneema composite system;
Then, the model was validated and calibrated against experimental data and results from
ballistic tests.

This article is organized as follows. Section 2 represents the material system, followed
by presenting the experimental procedure and its results. In addition, this section represents
the proposed model—the sublaminate model, its implemented failure criteria and the finite
element (FE) structural implementation. To the end, Section 3 represents the results and
discussion, followed by concluding the achievements of this study (Section 4).

2. Materials and Methods
2.1. Material System

Dyneema from DSM is a brand name for an UHMWPE fiber-reinforced composite.
This soft polymeric material system is assembled from four alternating unidirectional (UD)
orthotropic laminae in two fibers orientations, one in the 0° direction and the second in
90° direction, forming the [0/90/0/90] laminate in a polyurethane resin. The Dyneema’s
density is about 970 kg/m? and its fiber volume content is high and up to the geometric
limit, which is about 83% [22]. The targets in the experiments are made of Dyneema HB26
(HB stands for Hard Ballistics). Its areal density is between 0.257 and 0.271 kg/m? [23].
It is manufactured by the gel spinning process for producing its fibers, progress to ply
fabrication towards thermo-pressing at high temperature and pressure to final laminate
production according to the manufacturer’s (DSM) recommendation (the exact temperature
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and pressure are proprietary of Plasan Sasa Ltd.). Its fiber (SK76) tensile strength and
modulus values are 3.6 and 120 GPa, respectively, with an elongation at failure of 3.8% [24].

2.1.1. Mechanical Properties of Dyneema HB26

The mechanical properties of the 0° ply direction at Dyneema HB26 layer are obtained
based on the microstructure of a representative volume element (RVE, see Section 2.3.2), the
volume fraction of the fiber and matrix, and their respective properties [25] (see Table 1).

Table 1. Dyneema HB26 orthotropic layer properties, adapted from [25] E11, E22, E33 are the Young's
modulus in each of the three axes; G12, G13, G23 are the Shear modulus in each plane; and v12, v13,
v23 are the Poisson ratio in each plane.

Property Dyneema HB26
E11 (GPa) 81.39
E22 (GPa) 1.84
E33 (GPa) 1.85
G12 (MPa) 723.5
G13 (MPa) 720
G23 (MPa) 680.9
v12 0.28
v13 0.28
v23 0.36

2.1.2. Non-Linear Stress—Strain Relation in Tension and Shear

Since the polymeric composites, e.g., Dyneema, behave in a non-linear manner with
respect to loading, a stress—strain relation was defined to behave accordingly. In-plane
tension and shear experiments were conducted on laminated specimens of Dyneema HB26
to account for the non-linear tensile and shear modulus [26]. The non-linear relation is

defined as follows: .
En® = K(e™) (1)

where K and m are constants, which are calibrated according to the experimental curves.
E11®) and ¢, are the tensile modulus and the strain of a single UD layer ([0] or [90])
of the sublaminate, respectively. The only variable on this relation is the strain, and it is
important to note that after softening, the tensile modulus cannot increase again, which
ensures that the material does not regain stiffness after being deformed. The values used
for the curve fitting are: K = 14.148-10° Pa, m = —0.2526.

The shear modulus was modified by fitting the Ramberg—Osgood (RO) [27] in relation
to the measured experimental stress—strain curves [26], as follows:

n—17"1
) ] @
Gizo T \ T
where B, n and Tj are constants which determine the shape of the curve, and the only
variable that changes accordingly by the shear modulus Gy, (), is the shear stress 7y5.
Similarly to the previous relation, it is important to note that after softening, the shear
modulus cannot increase again (it ensures that the material does not regain stiffness after

being deformed). The values used for the curve fitting are: § = 1,n=3,7 = 3-107 Pa,
G2, o = 723522:10° Pa.

G, (i) =

2.2. Experimental Procedure and Results

To obtain the ballistic performance of Dyneema HB26, a series of ballistic tests were
conducted in Plasan’s shooting range laboratory. The composite target plates, with dimen-
sions of 400 x 400 mm?, were firmly clamped on their edges. These composite targets were
impacted on their center point by fragment simulating projectile (FSP) 2.85 gr (44 grain,
MIL-P-46593) projectiles at varying velocities. A high-speed camera was used to record the
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impact events, one frame on each 27 ps, producing a side view of the projectile penetration
process on the targets. This visual data were used to extract the basic test parameters for
each impact test, such as the residual velocity (Vr), the bulge height (BH) and the bulge
width (BW), which will be used for calibration with the FEM simulations. The shooting
data and the results from the experiments are shown in Table 2.

Table 2. Experimental shooting data on the Dyneema HB26 composite target.

Ballistic Performance

. Th 44 in Projectil
Test no. Thickness Impact Velocity  Time (Threat: 44 Grain Projectile)

(mm) (m/s) (us) BH BW  Perforation of Vr
(mm) (mm) Target (m/s)
1 8.8 413 60 7.2 26.4 No —
2 8.6 436 60 7.2 27.9 No —
3 8.8 530 60 9.4 32.7 No —
4 8.7 606 60 11.5 34.1 No —
5 8.7 698 25 9.8 23.5 Yes 271.3
6 8.6 708 25 8.3 23.1 Yes 307.2
7 8.6 814 25 9.9 209 Yes 521
8 8.7 893 25 9.8 22.8 Yes 624.7

2.3. Method of Analyses (The Proposed Model)

There is a great amount of research on the Dyneema’s behavior under various loading
cases. The challenge of the designers is to try to fit the failure and energy absorption
mechanisms, assuming they are correct, to an appropriate computational representation
of the material. Then, the ballistic impact of different threats upon this material target
is simulated on FE software. The ballistic impact experiments are very expensive, and
the simulations offer a needed alternative. Presently, there is a collision between the
model’s precision and its cost-efficiency. If the model is too simplified (macro-scale model),
it will run faster, but has the potential risk of giving the wrong conclusions about the
material system’s ability to protect against threats, which can obviously lead to devastating
outcomes. On the other hand, a detailed model (micro-scale model) which calculates all
the target’s energy absorption mechanisms with each time increment, can easily cost even
more than the experimental procedures and thus cannot be considered as an expedient
replacement. Therefore, a reasonable compromise is required.

2.3.1. The Sublaminate Model

The suggested model employed in this study is the sublaminate model. It is generated
from the smallest through-thickness repeating stacking sequence (see Figure 1) of the lami-
nae, and its effective response is used to describe the equivalent nonlinear homogeneous
continuum. As a result, the effective homogeneous 3D continuum behavior of the material
points is generated by the sublaminate model at each integration point in the FE structural
mesh. This model accounts for the material’s micro-scale structure as an input for the prop-
erties of the orthotropic layers used in the meso-scale. The meso-scale is the middle scale
between the micro and macro levels, which is a compromise between two of those scales’
shortcomings (and answers to the earlier request for a reasonable compromise). This fact
means that this model cannot represent micro-level failure modes, such as matrix cracking
and fiber-matrix de-bonding. Nevertheless, it is believed to be accountable for the main
energy absorption mechanisms detected in the mechanical characterization study—fiber
tensile failure, delamination and out-of-plane shearing. The focus on these three main
mechanisms also shortens the calculations, by making the model more efficient. One more
consideration that supports these assumptions relies on the fact that under extremely high
rate loads (order of magnitude around 10°/s) and a very short loading period (us) of the
impact, these modes of failure are highly dominant, while the others are local and do not
take place widely at these loading conditions. In other words, it seems that under ballistic
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impact, the cohesion between adjacent layers will fail before the failure of the bond between
the fiber and matrix. In addition, the transverse impact on a fiber-reinforced material will
cause extensive tension in the fibers, in an endeavor to stop the projectile from penetrating
through the plate, while fiber kinking and matrix cracking are more likely to occur under
long-term and local loads.

Figure 1. Example of the repeating stacking sequence (bolded in light blue), which the sublaminate
is using to describe an equivalent nonlinear homogeneous continuum.

The sublaminate model and its equations, which are presented in the next sections,
are implemented to Abaqus/Explicit through a Fortran VUMAT subroutine. The effective
properties of a sublaminate, representing properties at an integration point of the 3D ele-
ment in Abaqus. Therefore, the VUMAT’s equations are the link between the sublaminate
model and Abaqus/Explicit.

2.3.2. The Model’s Structure

The structure of a representative sublaminate’s volume element, composed of a [0]
layer and a [90] layer (perpendicular to each other), with an interfacial cohesive layer (see
Figure 2). The axes of the layer are defined as: 1—the direction of the fibers; 2—direction
normal to the fiber orientation; whereas the 3 direction is the out-of-plane direction. Each
layer of the laminate is labeled by a serial upper indices, k=1, 2, ..., n, where n is the
number of layers in a laminate. In the sublaminate model, k = 1, 2, and 3 denote the [0],
[90] and the cohesive layers, respectively (see Figure 2). The cohesive layer is considered as
infinitely thin, used as an interface between the orthotropic layers. It has large out-of-plane
strength and small in-plane strength in order to perform the traction-separation relation of
the orthotropic layers leading to delamination.

Representative orthotropic [90]
layer, (k)=2. Thickness: t,=1

Representative cohesive layer,
(k)=3. Thickness: t;~ 0

Representative orthotropic [0]
layer, (k)=1. Thickness: t;=1

Figure 2. Representative volume element (RVE) of the sublaminate model.
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2.3.3. The Sublaminate Mathematical Formulation

This section presents the main feature formulation of the nonlinear sublaminate model,
using the 3D lamination theory for finding the mechanical effective stress—strain relations
and the effective stiffness of the sublaminate.

The strain-stress relation of an elastic material is given by

{e} = [SH{o} ®)

where {e}—strain tensor; [S]—compliance matrix of the material; {c }—stress tensor. Equa-
tion (3) can be written explicitly:

r 1 —V; —V
a) (R FE D 2w
€22 _Ii"/l1 , j/zz . Es 022
€33 _| =& > 5 0 0 0 033 @
Y23 0 0 0 GLB 0 0 023
713 0 0 0 0 & © 013
712 0 0 0 0 0 g |\

The values of the parameters in the compliance matrix are given in Table 1. In order
to use the unique features of the sublaminate, a set of simple algebraic manipulations are
performed. Equation (4) leads to the following:

€ Sii Sio ] { 7i }
= 5
{ €0 } { Soi Soo Oo ®)
The sub-matrices S;;, Siy, Spi and Sy, are 3 x 3 and contain the appropriate components
of the original compliance matrix, relating the in- and out-of-plane strains to the stresses.

The indices 7 and o represent the in-plane (IP) and out-of-plane (OP) components of the
strain vectors:

€11 €33
{ei} = en 7, {e} =< 723 (6)
Y12 Y13
and the stress vectors:
011 033
{oi} = ¢ o 3, {00} = § 023 ()
012 013

The in-plane components refer to the 1-2 plane of the laminate, the same plane on
which the [0] and [90] orthotropic layers are laid upon and possess high tensile properties.
The OP direction (3 plane) is normal to these layers (1-2 plane) and controls the interfacial
strength between the layers.

Each layer has a local orientation coordinate system rotated with respect to the global
one. Therefore, when referring to a specific layer’s stress and strain components, it is neces-
sary to distinguish between a local layer’s components, which apply along its orthotropic
axes, and the same components in global terms. In our case, [0] layer has 6 = 0° and the
[90] has 6 = 90°. Transforming a local tensor to the global coordinate system is performed
with a transformation matrix, and a bar notation appears above the transformed tensor of
the kth layer, as follows:

#@B% = [1,{e}® (8)
#H® = [1],{c}¥ )

where [T, is the strain transformation matrix and [T}, is the stress transformation matrix.
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Perfect Bonding Conditions

As long as the composite laminate is undamaged, the layers are perfectly bonded.
This leads to two following conditions, accountable for perfect bonding;:

This homogeneous in-plane global strain and homogeneous out-of-plane global stress
are used to satisfy the conditions of displacement and the traction continuity between
the layers. This means that when a laminated composite is deformed in-plane, all layers
stick together and undergo equal straining, {¢;}, (Equation (10)). It also verifies that if
out-of-plane stress is applied to the material, all layers ‘feel” the same stress {7, }, and
remain perfectly attached to each other (Equation (11)). In other words, if the first condition
does not hold, one of the layers slips with respect to the other, indicating a failure of the
adhesion between them. If the second condition does not hold, a gap appears between the
adjacent layers and prevents the stresses from being transferred between them, implying
that there is a delamination initiation in their interface:

@ = (@) (10)
(T = (@) k=12..n (11)

Partial Inversion—The ABD Matrix

With a few other algebraic manipulations, referred to as partial inversion, Equation (5)
can be written for each layer as

o (k) B A B 1W e (k) )
€0 ~ | =BT D T
where the components of the ABD matrix are defined as A = S;l ;B = —Si;lS,'o ;and =

D = Soo — S0iS;; ' Sio;
The local relation (Equation (12)) can be rewritten in global terms, after using the

coordinate transformation, as
AN ))
&
]{%} 19

|
o]
O

a "
a1t

After using the perfect bonding conditions on the last relation, it leads to:
_ (0 _
i _ i
{so} - { %} (9

Effective Sublaminate Properties
According to Equation (14), the effective sublaminate properties (indicated by astric)
can then be calculated as follows:

a 51"
BT D

* —
B
D

A B 3 4,
B D 2?

(k)
‘| , t =1t +tr+13 (15)

where k is the number of the layers and 1, ¢, and 3 represent the thicknesses of layers

1-3. In this model: t; = t, >> t3 (3 is the cohesive layer) and t = 1 (unit thickness).
The effective compliance matrix of the sublaminate, [S] * can be obtained by using the

method of partial inversion and the global effective ABD matrix. The effective stiffness
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matrix, [C]", which is the inverse matrix of effective compliance matrix ([C]* = ([S]") ),
can be obtained as well:

Ci=D'
oo = _ppl
Cr = {C” Cw}, where  Sio _EDT (16)
Coi Coo Coi = Cio
Coo = A+BD 'B'

Finally, the global stress state of the sublaminate can be obtained by using the effective
stiffness matrix as a function of the strain state. As already mentioned and shown in this
section, the effective properties of the sublaminate, representing an integration point of the
material’s continuum, are derived from the relative part of each of the layer’s properties.
This demonstrates the behavior of a composite laminate as a function of its constituents
and meso-scale structure.

2.4. The Model’s Failure Criteria

One of the important capabilities of the presented model is that it can be employed
as a basis for implementing various failure criteria. The model lays the foundations for a
hierarchical multi-scale structure of the material. This implies that smaller-scale failure
modes (like micro-cracks, fiber-matrix de-bonding, etc.) can be implemented in the model
if further refinements of each layer are performed (such as using micromechanics to model
a unit cell of fiber and matrix). On the one hand, it will probably raise the accuracy, but on
the other hand, it will complicate the model and will increase the calculation time, resulting
in a less attractive feature.

2.4.1. Distributed Delamination

The first failure criterion used in the model is related to the OP stress state in the
cohesive layer. Once this criterion is fulfilled, the degradation of out-of-plane properties
is applied. This allows the model to simulate local delamination damage or distributed
delamination. The criterion given in the following equation uses Equation (14) with k =3
(the cohesive layer):

Ue(;f)‘ - \/(‘71(?)2 + (‘72(3))2 + (‘73(3))2 >0 iica (17)

The above criterion is activates only the degradation of the sublaminate’s effective
properties. This makes the failed element’s zone less resistant to out-of-plane stresses,
which are imposed extensively in transverse ballistic impact. This fact is one of the strengths
of the model, since the failed zone gives an expression for the delamination’s effect on
the weakening of the material’s effective properties (so-called distributed delamination)
without actually inserting a gap where the cohesive layer is placed.

2.4.2. Tsai-Wu Failure Criterion for Anisotropic Materials

The model uses the general form of the Tsai-Wu failure criterion [28] as follows:

@ = fio1+ fr02 + f303 + f11012 + f2200° + f3303° + faaTs® + fo575°

18
+fo6T6> + 2f12010 + 2f130103 + 2f230203 (18)

wherefi = o = ¥ =% fs = v~y fu = fo=xxi f3 = vrifu = fs = Slg;
fo6 = 5%2 s fi2 = _ﬁ ; fiz = fo3 = —Z\/ﬁ ; Xt and X, are the ultimate stresses
in tension and compression, in-plane of a laminate, respectively. Y; and Y, are the ultimate
stresses in tension and compression, out-of-plane, respectively. S; and S, are the ultimate
shear stresses, in and out of plane, respectively.

The normal and shear stresses on a single element of the composite material are shown
in Figure 3. The Tsai-Wu failure criterion considers the total strain energy for predicting
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failure when the failure index in an orthotropic laminate reaches unity. Some of the reasons
for using this failure criterion in this study, stems from the fact that it fits better than the
other failure criteria to experimental data, and it is reliable and easy to use in computational
procedures.

X3

Ta=T23=T3
Ts=T13=T3
Te=T12=T21

e

Figure 3. Normal and shear stresses on a single element of the composite material.

The Tsai-Wu polynomial is applied on a single integration material point in the ele-
ment in order to detect failure initiation. This procedure is applied on the entire sublaminate
elements.

Determining the strengths of the material in different loading modes can be achieved
by performing experiments at high rates for the specific modes of failure. This implies
a large experimental program, which is difficult to perform, to monitor and to extract
the needed data. Thus, insufficient dynamic experiments are currently available to con-
tribute to a meaningful database. The method chosen here for that matter is to use rough
estimations of the ultimate stresses, based on the knowledge about their nature and the
experimental procedures [26] described above. Then, through simulations, to modify the
parameters to obtain a result as close to reality as possible. This calibration is performed
according to certain parameters, which will be explained later. The explanations behind the
assumptions and the values of the ultimate stresses, are described in Mustacchi work [25].
The assumptions are as follows:

e X. = X;/10e5, > S;

o A=Xio01, = Sl'

o Y. >>Y, e =1n=3

where A is the rate of the IP degradation factor and S; is the RO is the softening initia-
tion stress.

The assumptions that were described above contribute to decreasing the running time
of the model. Therefore, some of the model’s parameters were reduced in order to decrease
the number of possible parameter combinations. These were implemented in VUMAT to
reduce the running time for convergence of the model to a reasonable one (several hours).
The model’s seven strength parameters and four RO fit parameters are presented in Table 3.

Table 3. The model’s 7 strength parameters and 4 Ramberg-Osgood (RO) fit parameters.

Xt XC Yt Yc Si So A G12 To
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) p (GPa) (GPa) "

Dyneema HB26 1 0.1 0.05 2 0.03 038 1 1 073 003 3
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2.4.3. Implementation of the Tsai-Wu Failure Criteria on the Sublaminate Model

In order to determine the main failure modes in the impacted composite target, our
study had to distinguish between cases when the ultimate value of ¢ (see Equation (18))
leads to failure and when it does not. Then, to develop a set of failure modes typical to the
materials under ballistic impact. The method monitors the components of the Tsai-Wu
polynomial (TW[#]), in order to check which term dominates the failure of elements at
every point across the plate’s section. Each component of the polynomial is inserted into
an array as shown in Table 4.

Table 4. Implementation of the Tsai-Wu failure criteria into the sublaminate model.

TWI#] 1 2 3 4 5 6
component fin faos 1303 fi107? far02? f3303*
TWI#] 7 8 9 10 1 12
component faaTs? f55152 fo6T6> 2f120107 2f130103 2230003

The stress state at each point is expressed by the Tsai-Wu polynomial and the compo-
nents of the TW array are compared in order to find the maximal one and store its index in
a user’s state variable (SDV). The stored data are an indication of the dominating stresses
active at a point and indicate which failure modes are more likely to occur. The correct
utilization of the data can be used for a fairly accurate model of the energy absorption
distribution over an impacted plate. The results obtained from the SDV’s array, pointed to
the following three dominant failure modes.

1.  Delamination—It has been identified as a leading energy absorption mechanism of
the Dyneema composite, especially under ballistic impacts. After inspecting the data
presented by the SDV, the delamination failure term (local failure—for element’s
elimination) is:

(¢=>1) & (TW[3]) (19)

The first term in Equation (19) accounts for a total failure according to the Tsai-Wu
polynomial. The second term accounts for the failure only under the condition of
positive ultimate normal stresses, as these tend to separate the adjacent layers.

2. Fiber tension—a major energy absorption mechanism is included in the tensile strain-
ing of fibers. In addition to the fact that composites possess high tensile energy absorb-
ing capabilities, fibers that suffer high tensile straining directly under the impacting
projectile tend to tear. The local tensile failure term (for element’s elimination) is:

(el = Xi) & (0ff) = X;) (20)

If the values of 0’1(11() and (72(12{) are greater than X; for both UD layers, local tensile
failure has been achieved and the element is eliminated.

3. First incident shear tearing—high OP pressure inflicted on the first impacted layers

by the projectile, tear these layers and allow the projectile to penetrate through the

plate, thus keeping the damage localized. This mode occurs in the first stage of

the projectile’s impact when it possesses high kinetic energy causing early element
deletion. The relevant term for this failure mode is defined by

(¢ > 1) & {(TW[10] > 1) or (TW[11] > 1)} @)

This mode of failure requires a combination of local Tsai-Wu ultimate state and
ultimate OP shear stresses, (TW[10] > 1) or (TW[11] > 1).
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2.5. FE Structural Implementation

This section describes the ballistic impact simulations, which were carried out with
Abaqus/Explicit, using a VUMAT user’s subroutine, written in Fortran source code. The de-
tails of the model, such as material model definition, the typical loads, boundary conditions,
element type and meshing are presented in the next section.

2.5.1. Ballistic Impact Simulation

The purpose of the proposed finite-element analysis (FEA) is to simulate the ballistic
impact tests carried out by Plasan for matching the format, which was carried out at the
shooting laboratory. The model (see Figure 4) simulates a user-defined material (Dyneema)
plate with dimensions of 400 x 400 mm?. Both the composite and projectile were modeled
in full geometry to be able to simulate the stress waves propagating in the composite plate
target starting from the impact point towards the clamped edges and back. This will exhibit
how the composite will respond. The thicknesses of the Dyneema Plates are 8.7 mm. The
model also includes a FSP 2.85 gr projectile with steel material properties, modeled as
a rigid body (no deformation—an assumption verified by experimental visual data and
previous studies, such as [2,8,29-31]).

Composite plate

Projectile

Figure 4. Mesh and dimensions of the composite plate and the projectile.

The plate was discretized by 432,000 solid hexahedral elements of type C3D8R, which
are linear, three-dimensional and have reduced integration (contain eight nodes and one
integration point) elements, with 30 elements through the thickness. An important feature
for the success of the model is the use of a bias parameter towards the middle of the plate’s
in-plane mesh. This bias parameter decreases the size of the elements, by approaching
the impact point, where deformations and stresses are more dominant than in the plate’s
periphery. Furthermore, the projectile was meshed by 10,923 non-reduced solid tetrahedral
elements of type C3D4 (containing four nodes) which are also linear and three-dimensional
elements. The projectile is chosen as isotropic material with a Young’s modulus of 205 GPa,
Poisson ratio of 0.3 and density of 7830 kg/m?3.

Similar to the experimental setup, the plate was clamped (fixed) at its four ends and
subjected to impact by the projectile with an initial velocity (Vinitial) in the Z direction (see
Figure 4).

Finally, a general contact is defined, such as all element surfaces are allowed to contact
with each other. This type of contact is crucial since the elimination of elements caused by
failure leads to new potential interactions and continuous deformation between adjacent
layers and between the projectile to the layers. The plate’s and projectile’s materials,
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dimensions, DOF (degrees of freedom), boundary conditions, number of elements and
their type are described in Table 5.

Table 5. Summary of the FEA model’s data.

Plate Projectile
Material Dyneema HB26 Steel, FSP 2.85 gr (44 grain)
Dimensions (mm) 400 x 400 x 8.7 ®7('32><Xh8)'84
Element’s type C3DS8R, Linear hexahedral C3D4, Linear tetrahedral
Number of elements 432,000 10,923
DOF 1,368,351

The plate is clamped at its side edges and the projectile is given an
initial velocity in the OP direction. A general contact interaction is
defined and all element surfaces are allowed to come into
contact with each other.

Boundary condition

The analysis is performed over a time period of 100 ps, with automatic incrementation
of 5 us intervals.

A mesh sensitivity study was conducted in order to check how it affects post-failure
and simulation results. Three different mesh densities were used over the plate, and
the results have shown a mesh-dependency and that the calibrated parameters are valid
for a small range of the mesh length scale. This phenomenon is common in softening
and energy dissipation due to damage, especially in highly dynamic and ballistic impact
simulations. The latter is also valid due to the high strain rates and sizeable inelastic
deformation, leading to the degradation and failure by localized damage and fracture [11].
In addition, the element removal due to material failure and excessive deformation process
enhances strain softening and adds to mesh size dependency. Nonlocal constitutive damage
formulation is needed to alleviate this phenomenon, e.g., [32-34].

2.5.2. Success Parameter of the Model

The many DOFs and numerous possible combinations of analysis simulations results
create a need for an overall success parameter (SP) to account for the relative weight of each
of the studied measurements. This parameter will indicate a close enough evaluation of
the model’s performance under different sets of the critical values used in the simulation.

This study used four main parameters for comparison to determine the success of the
model, as follows:

1.  Perforation or stoppage of the projectile.

2. Residual velocity of the penetrating projectiles (marked as Vr).

3. Bulge height in the middle of the plate (marked as BH), see Figure 5.
4. Width of bulge (marked as BW), see Figure 5.

These four parameters were chosen since they defined the ability of an armor system
to absorb the energy of the threat, in order to prevent it from being transferred to the
protected subject. These parameters may pose measurement errors, which are difficult to
overcome, and should be taken into account while estimating the total performance of the
model. Considering this fact, relative weights were given to the SP of the model, as follows:

SP = 1—{0.5-(Erry,) +0.3-(Errgy) + 0.2-(Errgw) } (22)

where Erry,, Errpy and Errpy are the residual velocity, bulge height and bulge width
relative errors, respectively.
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Figure 5. Bulge height—BH (orange) and bulge width—BW (red) are marked.
An example of one component of the relative error:

abs ("r(exm - Vr(m’m))
Vr (exp)

Erry, = (23)

The residual velocity of the projectile is in direct relation with the damage, which is
inflicted on the target. It is also the most important measure and the easiest to determine
from the current data sets, and thus is given the highest weight (50%). The second important
parameter is the bulge height (30%), since it is closely related to the potential of harming
a person behind it. If the projectile is stopped, we would like to know how deep the
bulge is as a measure of the probability of injury. Moreover, it is easier to measure than
the bulge’s width, which is the least important parameter (20%). This third parameter
is the least harmful feature of the overall material response and has the most errors in
measurement. This model’s SP calculation approach seems to capture all the previous
approaches reviewed in other studies [4,8,35-37] and forms a step forward for improving
the evaluation quality of the ballistic impact model.

3. Results and Discussion

This section presents the experimental and computational results obtained from four
main sub-sections: (Section 3.1) parametric study; (Section 3.2) predictions of the calibrated
model; (Section 3.3) post-impact comparison; and (Section 3.4) SP calculation.

3.1. Parametric Study

As mentioned, one of the objectives of this study was to perform a parametric study
of high-velocity impact simulations on the Dyneema composite material, using the sublam-
inate model. The parametric investigation was based on changing the values of X; and Y,
for establishing the optimal parameters to be used in the model.

3.1.1. Parametric Study: Changing Xt

The first parametric investigation is based on changing the values of X;. The chosen
values are: X; =1,1.2, 1.4 and 1.6 GPa. All the other strength parameters are kept as given in
Table 3. Five of the eight impact velocities: 606, 698, 708, 814 and 893 m/s, were calibrated,
but for simplicity, only results for arrest case (606 m/s, see Figure 6), and the perforation
case (708 m/s, see Figure 7) are described here. As indicated in Table 2, these results are
shown at time 25 ps and 60 ps for the perforation and the arrest case, respectively.
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Figure 6. Plate’s bulge height (a) and projectile’s velocity (b) vs. time at varying Xt, Vinitial = 606 m/s.
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Figure 7. Plate’s bulge height (a) and projectile’s velocity (b) vs. time at varying Xt, Vinitial = 708 m/s.

The deformation at the center back of the plate (BH) is given by the displacement—time
curves (see Figures 6a and 7a). The shape of the curves of these graphs, describes the loss
of the projectile’s kinetic energy, which is absorbed by the target vs. time. The curves
represent the displacement of one node on the center back face of the plate along the X axis
at varying X;. As can be seen from Figure 6a, after the impact takes place (0-55 us), most of
the plate’s displacement (~10 mm) occurs and it is close to the displacement obtained from
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the experiment (~11 mm). After that and until the arrest of the projectile, a slight increase
in displacement is observed. Figure 7a shows a good correlation between the analysis and
the experimental BH, and its value is around 11 mm.

The graph of the velocity vs. time gives the history of the projectile’s velocity (see
Figures 6b and 7b). The curves in these graphs represent the average velocity of four
random selected nodes, located near the central axis of the projectile at varying X;. It
is important to note that the missing experimental curve of the projectile’s velocity is
attributed to the fact that the projectile is hidden from the high-speed camera while it
penetrates the target. Therefore, the reported experimental residual velocity is only shown
for the perforation cases. Figure 6b shows that the velocity reduces almost linearly soon
after the impact takes place. It can be clearly seen that within 70 to 80 us after the impact,
the graph shows a plateau which indicates that the velocity is slightly constant at this
range, moving toward the arrest of the projectile (similar to experiments). A rebound effect
(negative velocity of the projectile) can be observed for the X; = 1.6 GPa simulated case
towards the arrest of the projectile. The elastic rebound of the bulge can be attributed to
the release of strain energy stored in the secondary yarns which convert into the kinetic
energy of the projectile [15]. The highest SP value (SP = 84.2) in all the cases is found for
the Xy = 1 GPa. An advantage of the model is reflected by the repeatability of the curves on
the graphs, meaning that small changes in the model’s parameters cause small changes in
the model’s results.

3.1.2. Parametric Study: Changing Yc

The second parametric investigation is based on calibrating the values of Y,. The
selected values are: Y. =1.4,1.6,1.8,2,2.2,2.4 and 2.6 GPa, together with X; =1 GPa. All
the other strength parameters given in Table 3 are kept constant. Here too, two impact
velocities’ results are discussed: 606 m/s for the arrest case (see Figure 8) and 708 m/s for
the perforation case of the projectile (see Figure 9). Similarly to the previous sub-section,
Figures 8a and 9a also show that most of the plate’s displacement (~10 mm) occurs after
the impact takes place (0-55 us) which is close to the measured displacement (~11 mm).
Moreover, Figure 9a shows a good correlation between the analysis and the experimental
BH as its value is around 11 mm. Figure 8b shows that the velocity exhibits sharp reduction
soon after the impact takes place (0—20 ps). This indicates the good energy absorption
ability of the Dyneema. Similarly to the experiment, the projectile did not manage to
perforate the target in all cases, and stops after 80-90 ps. Figure 9b shows that residual
velocity (Vr) is around 100 m/s (note that if Y, = 2.2 GPa is assumed, the resulting Vr
is around 220 m/s) while in the experiment, Vr equals to 307 m/s. The linear behavior
exhibited after 45 ps of the Y, = 2.2 GPa curve, may be explained by a detached node from
the center back face of the model, which travels at a constant speed. After calculating the
SP (see Section 3.4) in all the considered cases, it was found that SP = 89.5, which results
from X; =1 GPa and Y, = 2.2 GPa, and can be considered as the calibrated case.

Once again, it can be seen that the model is robust, since small changes in the model’s
parameters cause small changes in the model’s results and preserve the tendency of
the curves.

Another way to show the calibrated model’s strength parameters with X; = 1 GPa
and Y, = 2.2 GPa coupling is by exhibiting the residual velocity vs. initial (impact) velocity
graph, (see Figure 10). As can be seen, the closest slope to the experimental one is due to
the coupling of X; =1 GPa and Y, = 2.2 GPa, as found earlier. Note that the time steps of
the high-speed photography and the simulation are not perfectly synchronized, which is
caused by the difficulty of catching the exact moment of the impact on the camera between
the projectile and plate. Additionally, there are different time steps between the simulation
and experiments (5 and 27 us, respectively).
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Figure 8. Plate’s bulge height (a) and projectile’s velocity (b) vs. time at varying Yc, Vinitial = 606 m/s.
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Figure 9. Plate’s bulge height (a) and projectile’s velocity (b) vs. time at varying Yc, Vinitial = 708 m/s.
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Figure 10. Projectile’s residual velocity vs. initial velocity at varying Xt and Yc.

To get a first look on the model’s performance against the experiments, an impact
process of the projectile with a velocity of 606 and 893 m/s in sequential time steps, is
shown in Figures 11 and 12, respectively. The simulation snapshots are the sub-section of
the plate’s center along the Y-Z plane. As the projectile hits the target, a bulge is formed as
a result of the plate’s transverse impact load, pushing the layers out of the plane. It can
be observed that there is a larger bulge in the arrest case (Figure 11) in comparison to the
perforation case (Figure 12), since more energy is transferred to deform the target. The
existence of the longitudinal stress waves are also evident in both cases, as the material
dissipates energy along its fibers away from the impact point. Fiber breakage can be seen
in the first stages (0-25 ps) of the simulation, while delamination can be observed at a
later time sequence (55-80 us). Once the projectile perforates the plate, the residual or exit
velocity remain constant, since there is no resistance from the plate.

Time of analysis (ps): 0 ~25 ~55 ~80 ~100

Figure 11. Sequential time steps after the ballistic impact, Vinitial = 606 m/s.
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Figure 12. Sequential time steps after the ballistic impact, Vinitial = 893 m/s.

3.2. Predictions of the Calibrated Model

After performing the parametric investigation and establishing the calibrated model’s
strength parameters, the predictions of the calibrated model are presently shown at eight
BH vs. time. Figures 13-16 present the plates BH vs. time for projectile impact velocities
of 413, 436, 530 m/s (as already mentioned, these three cases were not calibrated) and
606 m/s, respectively (arrested cases). Figures 17-20 on the other hand present the plates
BH vs. time at projectiles impact velocities of 698, 708, 814 and 893 m/s, respectively
(perforated cases).
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Figure 13. Plate’s bulge height vs. time of the calibrated model, Vinitial = 413 m/s.
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Figure 14. Plate’s bulge height vs. time of the calibrated model, Vinitial = 436 m/s.
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Figure 15. Plate’s bulge height vs. time of the calibrated model, Vinitial = 530 m/s.
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Figure 16. Plate’s bulge height vs. time of the calibrated model, Vinitial = 606 m/s.
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Figure 17. Plate’s bulge height vs. time of the calibrated model, Vinitial = 698 m/s.
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Figure 18. Plate’s bulge height vs. time of the calibrated model, Vinitial = 708 m/s.
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Figure 19. Plate’s bulge height vs. the time of the calibrated model, Vinitial = 814 m/s.
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Figure 20. Plate’s bulge height vs. time of the calibrated model, Vinitial = 893 m/s.

As can be seen from the arrested cases, the model’s prediction in each case is slightly
lower than the experimental results. As mentioned above, this can be explained by the
fact that most of the energy during the impact in the model’s analysis is invested in
delamination. This fact decreases the projectile kinetic energy, which leads to minor BH
as compared to the experimental data. Although Figures 17 and 18 represent perforation
cases, the projectile managed to perforate the target only at ~81 ps, giving enough time
to ‘transfer’ the projectile kinetic energy to delamination of the target. These graphs
represent a reversal tendency, since the BH of the model analysis in Figures 18 and 19 are
slightly higher than the experimental results. It can be referred to as the decrease in energy
transferred to the delamination mode, since more energy is absorbed on fiber breakage due
to the contact between the projectile and the target. The almost linear curves starting from
27-54 s in Figures 18-20 can be attributed to the constant velocity of the detached center
node of the model (during the perforation of the projectile in the target). From the results
of the experiments and the analysis, it can be estimated that ballistic limit- V59 is around
650 m/s.

3.3. Post-Impact Comparison

It is interesting to compare the shape prediction of the calibrated model’s impacted
plate with the experimental result. (Figure 21a,b), shows the final shape of the plate
as obtained from the experiment and the analysis predictions, respectively. This figure
exhibits the resulting delamination, fiber tension and first incident shear tearing delami-
nation damage (marked as 1, 2 and 3, respectively). It can be readily observed that good
correspondence by the two approaches exists. It is worth mentioning that the plate was
photographed a while after the impact. Therefore, relaxation and other disturbances have
"blurred’ the full magnitude of the deformation patterns, but their essence is still visible.
The yellow marking was performed to highlight the three main failure modes.
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Figure 21. Plate section post-impact comparison ((a)—experiment; (b)—analysis).

A post-impact section (scale 1:8) of a Dyneema plate by a projectile with an impact
velocity of 606 m/s. The main deformation mechanisms are marked: 1—delamination,
2—fiber tension, 3—OP shearing.

3.4. Success Parameter Calculation

Using visual outputs from the Abaqus simulation and high-speed photography, the
four success parameters (SP) can be determined. The results of the simulation with com-
parison to the respective experiments are presented in Table 6 (V¥ comparison) and Table 7
(BH and BW comparison). As explained, the ballistic impact event between the composite
target and the projectile could end by the arrest or perforation of the projectile as discussed
in the following.

Table 6. Calibrated case’s ballistic simulation results (Vr) compared to the experimental results.

Residual Velocity (Vr)
Impact Velocity ~ Perforated Time (m/s)

(m/s) (us) Model Experimental Error (%)
413 No — 0 0 0.0
436 No — 0 0 0.0
530 No — 0 0 0.0
606 No — 0 0 0.0
698 Yes 50 217.6 271.3 19.8
708 Yes 65 229.9 307.2 252
814 Yes 30 359.8 521 30.9
893 Yes 25 535.7 624.7 14.3

Table 7. Calibrated case’s ballistic simulation results (BH, BW) compared to the experimental results.

Impact Velocity Time Bulge Height (BH) (mm) Bulge Width (BW) (mm) SP
(m/s) (us) Model Experimental  Error (%) Model Experimental  Error (%) (%)
413 60 6.1 7.2 15.3 26.6 26.4 0.9 95.2
436 60 6.5 7.2 10.1 26.4 27.9 5.4 95.9
530 60 74 9.4 21.2 32.9 32.7 0.6 93.4
606 60 8.2 11.5 28.9 34.4 34.1 1.0 91.1
698 25 8.4 9.8 14.9 24.0 23.5 2.0 85.2
708 25 8.1 8.3 2.0 19.8 23.1 14.0 84.0
814 25 9.8 9.9 0.8 18.4 20.9 12.2 83.0
893 25 12.4 9.8 26.0 18.2 22.8 20.2 81.0
Avg.
sp 89.5

Projectile arrested—partial penetration of the projectile, which starts by hitting the
target to the point its velocity becomes zero. This is represented as “No” in the “Perforated”
column in Table 6.
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Projectile Perforated—complete perforation of the projectile, which starts by hitting
the target to the point it exits from the back face of the target. This is represented as “Yes”
in “Perforated” column in Table 6.

As can be seen from Table 6, all the projectiles which were supposed to be stopped
were stopped, and all the ones which were perforated in the experiments were so in the
simulations. The simulation patterns imitate well the ones observed in the experiments. As
already reported, the overall SP was calculated and found to be around 89.5% (see Table 7),
which is very high.

4. Conclusions

A new multi-scale model for predicting the ballistic impact response of polymeric-fiber
laminated composites was presented and applied. The model incorporates the sublaminate
mesoscale analysis, which was successfully implemented through a user’s subroutine
for the impact FE simulations. The general form of the Tsai-Wu failure criterion was
implemented in the subroutine and the Dyneema’s dominant energy absorption and failure
mechanisms under the ballistic impact of the projectile were observed and characterized.

A parametric study of high-velocity impact simulations was performed for the
Dyneema composite system. The model was validated, and its failure parameters were
calibrated against experimental data and results from the laboratory’s ballistic tests. Very
good predicted correlation had been obtained. The pre-calibrated multi-scale model was
successful in predicting both stopped as well as perforated experiments. Moreover, a
good correlation is demonstrated between the experiments and simulations’ Vr (residual
velocity), BH (bulge height), and BW (bulge width). The overall SP (success parameter)
was calculated and found to be around 89.5%.

One significant achievement of the presented model is its ability to simulate the de-
lamination initiation and growth at an arbitrary location, without using cohesive elements.
This reduces the computation time significantly, from days to a few hours, making the
models attractive enough to be used for armor design and as a substitute for expensive
experimental procedures.
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