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ABSTRACT

In this paper, the modeling of a polymer gel used as target medium in blunt ballistic experiments is presented. A new visco-
hyperelastic law based on the Mooney-Rivlin model is proposed and implemented in a numerical simulation software. The
material model identification relies on mechanical characterization experiments per-formed at room temperature through tensile
and compressive tests over a wide range of strain rates (0.002-1500 s‘l). Indeed, these experiments highlight a significant
strain rate sensitivity but also a non-homogeneous strain and a barreling effect during compressive experiments. Hence,
constitutive modeling of the material behavior cannot be directly determined. Tensile and compressive data are exploited with a
direct and indirect identification process. An optimization by inverse technique, using finite element modeling of static and
dynamic compressive tests and a global response surface method, is employed to accurately reproduce loading conditions and
identify the model parameters. Finally, the proposed visco-hyperelastic law is validated through comparison with experimental
data from blunt ballistic impacts over various projectile velocities.
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1. Introduction

Over the past few decades, there has been an increasing interest in
ballistic blunt trauma. Trauma may be caused by the armor deforma-
tion and are so called Behind Armor Blunt Trauma (BABT). Moreover,
impacts of Less-Lethal Kinetic Energy projectiles (LLKE) used by law
enforcement officers may also lead to serious physiologic and physical
injuries. A lot of researchers have reported cases describing injury
patterns related to the impact of LLKE projectiles [1-5]. Becoming a
public health concern, investigations have emerged on the use of Post-
Mortem Human Subjects (PMHS) and anesthetized animals in order to
gain insight into ballistic blunt trauma [6-8]. As the human torso is the
major site of impacts in ballistic cases, researchers have focused their
studies on this location. Despite the numerous benefits of these surro-
gates, practical and ethical issues have led scientists to elaborate and
use homogeneous materials as human body substitutes.

The two conventional soft materials employed in this research field
are 10 and 20 wt% ballistic gelatin. Even if these materials are generally
used to understand human soft tissues behavior during penetrating
ballistic events [9,10], studies have made use of ballistic gelatin to
assess behind armor deformation [11-14]. Nevertheless, many studies
have highlighted the numerous drawbacks of the ballistic gelatin, such
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as a precipitate aging time and an important temperature sensitivity,
which complicate the experimental set-up [15,16]. Among various soft
materials employed as ballistic testing medium, the synthetic polymer
SEBS gel (styrene-ethylene-butylene-styrene) has numerous benefits,
such as its environmental stability, transparency and mechanical con-
sistency [17,18].

Consequently, these benefits have led the research center of the
French Ministry of the Interior to use the SEBS gel as target medium for
blunt ballistic impacts interpretation. Despite the measurement of the
dynamic gel wall deformation, it is insufficient to completely assess
blunt trauma. Therefore, numerical tools such as Finite Element (FE)
method and smoothed particle hydrodynamics have been employed in
recent studies to obtain extensive information during ballistic events
[19-21]. However, a consistent constitutive material modeling is
needed to accurately predict the impact phenomenon with mechanical
characterization experiments.

Bracq et al. [22] have carried out such experiments on the SEBS gel
material used in the current study over a wide range of strain rates.
Tensile tests were performed using an appropriate gripping device and
local strain measurement technique. As compression is the primary
loading mode during impact, compressive tests were performed using a
servo-hydraulic testing machine for quasi-static and intermediate strain
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rates. To capture the material behavior at higher strain rates, the au-
thors used the well-known Split-Hopkinson Pressure Bars (SHPB) ap-
paratus developed by Kolsky [23]. More precisely, polymeric bars have
been used to obtain a significant signal to noise ratio due to the low
impedance of the SEBS gel. Indeed, previous studies mentioned the use
of such bars to determine the dynamic behavior of soft materials
[24-27]. Bracq et al. [22] have highlighted a hyperelastic behavior
with a hardening effect when strain rate increases. The use of high-
speed imaging during compression experiments has shown the presence
of a barreling effect and a non-homogeneous radial strain propagating
through the sample. Hence, complete material behavior cannot be di-
rectly identified through mechanical testing.

Progress in numerical tools and optimization algorithms enables
researchers to employ an inverse technique to determine the precise
material response of materials exploiting experimental datasets
[28,29]. Fontenier et al. [30] used this method based upon the mod-
eling of indentation tests to calibrate material model parameters of a
polymer gel brain substitute. Barreling effect by considering the friction
between plates and specimen during compression events can be con-
sidered with FE modeling [31]. The study of Oliveira et al. [32] is an
example of the accurate modeling of SHPB experiments to identify
material model parameters. Experimental results or strain gauge signals
over time have been used in the objective function to determine the
related parameters.

However, a convenient constitutive law has to be chosen or devel-
oped in order to both simplify the identification procedure and obtain a
reliable FE model. Over the last decade, very soft materials, as for in-
stance elastomeric gels and ballistic gelatin, have been modeled by
diverse constitutive laws. A literature review indicates an increasing
complexity of constitutive laws taking into account the large strain and
non-linear behavior, the strain rate dependence or the hydrodynamic
behavior for very high speed impacts. The large strain ability or the
hyperelasticity of the Sylgard gel has been mainly modeled using the
well-known Mooney-Rivlin material model [30,33]. To model material
behavior at even higher strains, the general Ogden material model has
also been employed to predict the behavior of ballistic gelatin subjected
to ballistic events [34]. Such complex materials often show a particular
strain rate sensitivity. The generalized Maxwell model using Prony
series has been adopted to consider the viscoelastic part of ballistic
gelatin and incompressible rubber for a specific range of strain rates
[34-36]. More precisely, Yang et al. [36] indicate that a sufficient
number of relaxation times is required to cover static to dynamic strain
rates. This conclusion was also supported by Cronin [34] which highly
complicates the identification of model parameters. Therefore, re-
searchers have used tabulated hyperelastic data from compression ex-
periments to cover the material behavior across the range of strain rates
considered [21,34,37]. This method has proved its ability to give both
consistent results and simplify the modeling of visco-hyperelastic ma-
terials. However, to the authors’ knowledge, no previous study has in-
vestigated the modeling of the SEBS gel material. It exhibits a hyper-
elastic behavior with a specific strain rate dependence over a wide
range of strain rates. Thus, the viscoelastic model using Prony series
added to the hyperelastic feature is not convenient for this study.
Moreover, to exploit tensile and compressive tests whether or not ex-
perimental data are directly expendable, the use of tabulated hyper-
elastic data is not appropriate for this work.

Consequently, the aim of the present study is to propose a novel and
suitable visco-hyperelastic constitutive law to model the gel SEBS be-
havior subjected to non-penetrating ballistic events. Firstly, the mate-
rial used in the current study and its preparation are briefly described.
Then the mechanical experiments of Bracq et al. [22] are succintly
summarized. Secondly, the constitutive material model developed in
this work is presented. Thirdly, the identification procedure based upon
experiments, FE modeling and optimization algorithms is depicted.
Finally, the robustness of the material model is highlighted through
comparisons of ballistic experiments with respective FE modeling at

diverse projectile velocities.
2. Material and sample preparation

The material used in this work is the SEBS (styrene-ethylene-buty-
lene-styrene) tri-block copolymers provided by Kraton Polymers LLC
(Kraton G1652). A SEBS gel is constituted by mixing SEBS powder and
mineral oil with 30 wt% of SEBS having a styrene/elastomer ratio of
about 30/70%. The white mineral oil is a PRIMOL 352 provided by
ESSO S.A.L. The material density is about 880 kg/m>. The mineral oil is
preheated for 2 h at 100 °C in a metallic drum placed in an oven. The
SEBS powder is gradually added while mixing continuously. The mix-
ture temperature is increased to 150 °C and soaked for 4 h with regular
mixing. Once completely melted and free of bubbles, the liquid is
poured into a dedicated mold to produce test samples for mechanical
testing or gel blocks for ballistic testing.

3. Experimental results

First of all, the tensile response at very high strain of the SEBS gel
has been examined over various strain rates. The highly compliant
nature of the material has forced Bracq et al. [22] to adopt specific
tensile aluminum grips and dedicated local strain measurements. The
analysis of transverse and longitudinal elongations ensure the as-
sumption of material incompressibility. Both load data and strain
measurements lead to the true stress-strain response at 0.072, 14.7,
28.8, 49.3 and 59.5s7! (Fig. 1a). The mechanical response observed at
very high strain ( > 300 %) reveals a hyperelastic material behavior
with a strain rate sensitivity.

Then two testing machines are used to determine the compressive
response of the SEBS gel at quasi-strain rates (0.0018, 0.018 and
0.18s71) and intermediate strain rates (14.7, 28.8, 49.3 and 59.5s571).
Cylindrical samples of 10 mm in height and 5.5mm in diameter are
used to conduct experiments. Piezoelectric load cells and high-speed
imaging contribute to the mechanical characterization. Indeed, above
40% in strain, imaging shows a barreling effect for quasi-static and
intermediate strain rates experiments despite the use of a silicon oil
lubricant at specimen/plates interfaces. Thus, Fig. 1b displays the gel
mechanical response until 40% in strain in terms of engineering stress-
strain curves from 0.0018 to 59.5s7L. As for tensile tests, the material
exhibits a non-linear mechanical response with a strain rate depen-
dence.

So as to reach strain rates consistent with the loading rate during
blunt impact scenarios, Bracq et al. [22] have employed a compressive
SHPB apparatus with polyamide bars. Actually, polyamide bars were
chosen to match with the low impedance of the gel material. Full-bridge
strain gauges were glued on the input and output bars in such a way to
avoid the superposition of both incident and reflected waves. Moreover,
typical recorded signals from strain gauges can be observed in Fig. 2.
One can distinguish the incident wave g(t), the reflected wave ex(t) and
finally the transmitted wave e7(t). However, the measured signals have
to be rebuilt to consider viscoelastic effects of polyamide bars. Zhao and
Gary [38] provide a 3D analytical solution for the longitudinal wave
propagation in an infinite linear viscoelastic cylindrical bar based on a
Fourier stationary harmonic wave analysis. This resolution is im-
plemented in the DAVID® software used to determine the stress-strain
response [39].

High-speed imaging has shown a non-homogeneous strain during
experiments with the presence of a barreling effect and a radial strain
wave propagating along the specimen axis. Therefore, Bracq et al. [22]
have only expressed the stress-strain response in a nominal way for a
range of strain rates from 490 to 1520s~! (see Fig 3a). To have an
overview of the strain rate sensitivity of the SEBS gel, it has been
decided to illustrate its engineering stress-strain response in compres-
sion until 40% in strain at quasi-static strain rates up to high strain rates
(see Fig 3b). Dynamic curves at 490 and 1520s~! display oscillations
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Fig. 1. True stress-strain curves determined from tensile tests at various strain rates (a) and engineering stress-strain curves determined from compressive tests at

quasi-static and intermediate strain rates (b) [22].
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Fig. 2. Typical recording from strain gauges during dynamic compression
testing [22].

which may be explained by the full-strain gauges sensitivity for low
strain signals. Finally, the visco-hyperelastic material behavior is con-
sidered by means of a constitutive material law proposed in the next
part.

4. Material model

Even though hyperelastic laws have already been implemented in
many FE commercial software programs, the present authors choose to
implement an extended hyperelastic law to take the strain rate sensi-
tivity into account in a simple and reliable way. The explicit FE soft-
ware Radioss (Altair HyperWorks) is employed for the modeling of
dynamic impact events and the proposed law is implemented as a user
material subroutine coded in Fortran. The Mooney-Rivlin material
model [40] is adopted to represent the gel hyperelastic behavior. It is
formulated based on the Ogden strain energy density function W(A, A,
A3) based on the principal stretch ratios A,;.

The gel material forces the authors to model its behavior as a nearly
incompressible material. Therefore, Holzapfel [41] mentions a multi-
plicative decomposition of the deformation gradient tensor F into

deviatoric (volume preserving) and volumetric parts. This formulation
leads to a modification of the strain energy density function W into
deviatoric Wy, and volumetric W,,; components, depending on the
modified principal stretch ratios 2;, and written as:

W, &, A3, T) = Waoy (41, &2, 23) + Wyt (J) (@)
where

& K
Wi A1, &, A3) = ) ZE@ ™ + L™ + 3% - 3)

=1 %k (2)
and

WD) = 0 = 17 @
where J is the determinant of F. To reduce the Ogden model to a
Mooney-Rivlin material model, specific values of material parameters
are chosen (N=2, a; =2, a;=-2). The volumetric component is em-
ployed as a penalty approach to consider material incompressibility. K
is the bulk modulus expressed as K = 2u(1 + v)/(3(1 — 2v)). The shear
modulus y is calculated via u = sz=1 K k;k. To avoid an infinite value for
the bulk modulus and thus, a small time step in explicit simulations, a
Poisson’s ratio v = 0.495 is considered for the gel material improving
numerical stability.

Two model parameters y; and p, must be calibrated based on me-
chanical experiments. In order to take the strain rate dependence of the
material into account, the authors introduce two mathematical func-
tions ul(l;q) and u, (qu) depending on the equivalent engineering

strain rate A;q, defined as:

Aeg = max(1y), i=1,2,3
L

C)

where /; are the time rate of variations of the principal stretch ratios A;
(i =1, 2, 3). Thus, the strain energy density function W now depends on
the strain rate 1., and Eq. (2) may be written as:

SR RN < /"k(/l.eq) 7-q - T

We (1, 7, Ty Aeg) = ), Z—2 (™ + B + L™ — 3)
k=1 )
A; are obviously equivalent to engineering strain rates ;.
Consequently, mechanical experiments performed at constant strain
rates may be exploited in order to identify model parameters for each
strain rate 4,,. Note that a strain rate filtering method is employed to
reduce high frequency vibrations which are not physical. This improves
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Fig. 3. Engineering stress-strain response during dynamic compressive tests at various strain rates (a) and strain rate influence on engineering stress-strain response

at quasi-static to dynamic compressive experiments (b) [22].

the model stability and minimizes numerical artefacts. Moreover, the
stability of the constitutive relation is preserved by keeping y; > 0 and
s < 0 [42].

5. Model parameters identification

In this section, the identification procedure of material model
parameters is described, based on available mechanical experiments. In
fact, the tensile material response is determined at quasi-static strain
rate (0.072s71) up to intermediate strain rates (59.5s7!). On the con-
trary, compressive experiments have been conducted at quasi-static
strain rates up to dynamic strain rates. It means the tensile behavior of
the SEBS gel at dynamic strain rates is unknown. The authors have
consequently decided to examine the theoretical uniaxial stress 0Oy,
depending on the uniaxial stretch ratio A,, given by the Mooney-Rivlin
model and described by Eq. (6) [41].

1 1
Ox = M ﬂ)?x__)+/'{(__lxx)
1( Ae) AL )
Thus, 0, can be decomposed into two functions f and g in order to

assess the influence of both material parameters i; and p, on loading
modes (tension with A, > 1 and compression with A, < 1), as follows:

Oxx :f(,up Axx) + g(ﬂz’ /lxx) (@]

with,

4 = (22 - 3F)

Aocx

g(/"z’ Axx) = /f‘z(é - Axx)

®
Fig. 4 illustrates these two functions influencing the true stress by
taking ¢y = 1 MPa and p» = —1 MPa. In fact, values of y; and p, have

to be chosen in order to ensure a positive shear modulus and material
stability. Through this figure, it can be emphasized that the function f
related to u; governs the behavior in tension in contrast with the
function g related to y, governing the behavior in compression. It means
a small change in p, will alter the compressive material response while
minimizing its effect on tension. Based on this conclusion and experi-
mental data, y; is identified through quasi-static tests performed in
tension and compression with s = 0 MPa. Thus, the model considers
the non-linear behavior of the material in both tensile and compressive
loadings. Then ys is identified for each compressive strain rate testing.

——f(\) with p1= 1 MPa
— —g(A) with pe= -1 MPa

20 |
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o

1
20F
I

-30 L L L L |
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Fig. 4. Plots of functions f(it1, Ax,) and gz, Ay, influencing the uniaxial true
stress of a Mooney-Rivlin material model.

The choice to make only p strain rate sensitive minimizes its influence
on tensile response which is unknown at dynamic strain rates. It also
simplifies the parameters’ identification procedure described thereafter.

5.1. Direct identification from quasi-static experiments

Firstly, one parameter material model is considered. Stress-strain
curves at quasi-static strain rates are analyzed to identify the model
parameter p;. Indeed, experiments at the lowest strain rates mean
0.072s7! in tension (Fig. 1 a) and 0.0018 s~! in compression (Fig. 1b)
are used to identify the yu; parameter. Axial and homogeneous loading
conditions are ensured during tensile tests. Similarly, these conditions
are preserved during compressive tests until 40% in strain. The material
response in tension and compression at the lowest strain rates are
exploited to correlate with oy, (Eq. (6)) based on the Le-
venberg-Marquardt (LM) algorithm with the MATLAB Curve Fitting
Toolbox (MathWorks). A unique 1, coefficient independent of the strain
rate is thus determined with x4, = 0.0434 MPa. The goodness of the fit is
evaluated with a R-squared coefficient of determination equal to
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5.2. Indirect identification from compressive experiments

An inverse technique is used to identify the model parameters (see
Fig. 5). It is based on the accurate FE modeling of compression ex-
periments for quasi-static, intermediate and high strain rates config-
urations. Indeed, it may reproduce the non-homogeneous strain and the
barreling effect observed experimentally. Experimental data with load
and displacement curves, strain gauge signals and high-speed imaging
are exploited to fit numerical responses. The optimization procedure to
identify model parameters is conducted with the HyperStudy optimi-
zation software (Altair HyperWorks) as a least square problem. Hence,
experimental and numerical data, respectively Xey, and X, at several
sampling points N, are evaluated. Thus, the least square error e is in-
troduced with Eq. (9):

N
€= Z (Xalfcp - Xrll(um)z
k=1 (C)]
Minimizing e through a global response surface method (GRSM)
leads to the identification of model parameters. y, parameter turns out
to be the only parameter depending on the strain rate and may be

(b) Intermediate strain rates
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6. Experimental and numerical load-displacement curves during compressive tests at quasi-static strain rates (a) and at intermediate strain rates (b).

identified afterwards through the modeling of compressive tests and an
optimization software.

The commercial software HyperMesh (Altair HyperWorks) is em-
ployed to replicate all compressive experiments numerically. For each
configuration, under-integrated hexahedral elements with physical
stabilization are chosen along with a total strain formulation.
Moreover, a mesh convergence is initially investigated to obtain a trade
off between accuracy of results and computing costs.

Quasi-static and intermediate strain rates experiments are modeled
first of all. Indeed, for these tests, equivalent loading conditions are
applied to the sample. A fixed steel plate is used to support the sample
and another one to compress it. Therefore, consistent boundary con-
ditions are set up with experimental displacement rates applied to the
movable plate. To correctly model experimental contact conditions,
surface-to-surface general contact interface (TYPE 19) with a simple
Coulomb friction law is employed. The same friction coefficient Fcouomp
is used for the two contact gel/plates interfaces. This coefficient, in-
volved in the deformation response, is added as a variable in the
parameters’ identification process. In addition, a sensitivity study is
conducted to define consistent boundary values for the friction coeffi-
cient during the optimization process. High-speed imaging, load and
displacement data over time are used as objectives to reach in the op-
timization procedure. Once the objective function has converged to its
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Fig. 7. Evolution of experimental and numerical sample deformation during compressive testing at 14.7 s7.

Table 1
Optimized model parameters during modeling of compressive experiments at
quasi-static and intermediate strain rates.

Strain rate 0.018 0.18 14.7 28.8 49.3 59.5
s

11 [MPa] 0.0434°

1y [MPa] —0.0055 -0.0077 -0.0097 -0.0117 -0.0128 -0.0137
Feoutomb [-] 0.06

@ Constant for all strain rates.

minimum value for each strain rate, experimental and numerical re-
sponses may be compared. Indeed, Fig. 6 depicts compressive experi-
mental and numerical load-displacement curves for quasi-static and
intermediate strain rates. It highlights a satisfactory correlation con-
sidering a two parameters material model. The ability of the con-
stitutive law to replicate the deformation shape can also be seen in
Fig. 7. Experimental and numerical sample deformation as well as the
mesh discretization may be observed during a compressive test per-
formed at a constant strain rate of 14.7 s~!. In this range of strain rates,
a constant friction coefficient is sufficient to correlate with experi-
mental results. The relatively low value of the friction coefficient is
consistent with the use of silicon oil lubricant at specimen/bar inter-
faces. Hence, it validates the identification procedure and optimized
parameters values are resumed in Table 1 at quasi-static and inter-
mediate strain rates.

So as to numerically replicate dynamic experiments using the SHPB
apparatus in a reliable way, it has been decided to perform a full FE
model from the striker to the output bar (see Fig. 8). Moreover, sym-
metry planes are used to obtain a quarter of the 3D FE model. The
striker bar initial velocity V, measured experimentally is imposed on
the numerical one. Fig. 8 also indicates the mesh discretization near
strain gauges as well as for the sample. Additionally, elements in red are
used to record input (Fig. 8a) and output (Fig. 8c) strain signals in the x
direction. Contact interfaces are handled with the surface-to-surface
general contact interface (TYPE 19). A Coulomb friction law is in-
troduced between specimen/bar interfaces and a minimal gap is chosen
for convenient numerical solving. Indeed, the barreling effect and the
particular deformation pattern observed experimentally result in the
use of a friction law in the FE model. As the previous configuration, an
identical friction coefficient Fcouomp is used for both sides of the sample.

(a)

L.

Table 2
Split Hopkinson Pressure Bar characteristics.
Striker bar Input bar Output bar

Length (mm) 950 3040 3020
Diameter (mm) 16.1 20.3 20.4
Density (kg/m?) 1149 1158 1146
Wave speed (m/s) 1750 1740 1740
Young modulus (MPa) 3517 3506 3470
Poisson’s ratio 0.4 0.4 0.4

In fact, a previous study mentioned the use of a constant friction
coefficient in numerical simulation of SHPB experiments [43]. In the
present study, a constant friction coefficient is used for simplicity and
quantifies the average friction between sample/bars interfaces. Di-
mensions and mechanical properties of each polymeric bar are resumed
in Table 2. An ultrasound device (EPOCH LT) is used to measure the
longitudinal wave speed of nylon and gel samples.

Transmitted strain signals and high-speed imaging data for each
dynamic strain rate are used as objectives to reach in the optimization
process. Furthermore, the Coulomb friction coefficient F¢yyomp is also a
parameter to identify through the inverse technique. Once the optimi-
zation procedure is accomplished for each strain rate, recorded ex-
perimental and numerical strain signals from input and output bars can
be compared. On the one hand, Fig. 9 highlights the excellent corre-
lation of experimental and numerical incident waves (under the solid
axis and dotted gray lines) for each strain rate. Hence, it validates the
mechanical properties identified for Hopkinson bars. On the other
hand, it shows a very satisfactory match between experimental and
numerical output signals, i.e. transmitted signals. More precisely, nu-
merical output signals are identified over a specific period of time.
Indeed, considering the traveling of the transmitted wave, a specific
moment during the output signal raise refers to a certain axial sample
deformation. Therefore, the period of identification is calculated until
the sample diameter reaches the bars’ diameter. As elements are sub-
jected to very compressive strains (more than 80%) and considering the
material’s incompressible nature, the sample diameter gradually in-
creases until it exceeds the bars’ diameter. Sample elements are exposed
to very high distortions after this specific instant, leading to higher and
unrealistic stress inside the specimen. Consequently, it may explain why
numerical output strain signals are slightly inferior to experimental
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Fig. 8. Representation of the FE mesh for the modeling of SHPB experiments.
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Fig. 9. Correlation of experimental and numerical strain as a function of time from input and output strain gauges for various dynamic strain rates.

ones for Fig. 9c and d. For lower strain rates, this observation is not
made because the sample diameter remains under the bars’ diameter.
One can notice that numerical results related to the dynamic experi-
ment performed at 490 s™! are not presented. Actually, the low signal to
noise ratio obtained for the numerical transmitted signal prevents the
authors from identifying reliable parameters.

Moreover, the evolution of the experimental and numerical sample
deformation during dynamic compressive testing at 1520s~! can be

(a) 0 ms (b) 0.1 ms (¢) 0.2 ms

observed in Fig. 10. It results in the FE model’s ability to reproduce
loading and friction conditions as well as the gel deformation. Fur-
thermore, Fig. 10f depicts the very high element deformation and de-
fines the comparison limits. The use of high-speed imaging during dy-
namic tests highlights the non-homogeneous strain at the early stages of
the deformation and thus an unstable strain rate [22]. As the material
exhibits a very low stiffness at low strains, it does not invalidate the
assumption of a constant strain rate. Indeed, a steady strain rate is

(d) 0.3 ms (e) 0.4 ms () 0.5 ms

T IT I . .

Fig. 10. Evolution of experimental and numerical sample deformation during dynamic compressive testing at 1520 s7.
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Table 3
Optimized model parameters during modeling of compressive experiments at
dynamic strain rates.

Strain rate [s~!] 630 820 1260 1520
i [MPa] 0.0434°

o [MPa] -0.0176 —0.0241 —0.0255 —0.0268
Feoutom [-] 0.0504 0.0322 0.0246 0.0223

2 Constant for all strain rates.

obtained during the major part of the deformation range. Values of p,
and Fcouomp are then determined for each dynamic strain rate and are
resumed in Table 3. This shows that the friction coefficient decreases
when the strain rate increases and indeed, it is commonly known that
the friction coefficient relies upon the relative velocity between two
contact surfaces. As the kinetic friction coefficient is generally smaller
than the static one, it is compatible with the values of friction coeffi-
cient obtained for each strain rate [43,44].

The identification of the y, parameter completed for each strain rate
contributes to the determination of a power-law based trend function
depending on the strain rate with the use of the Levenbergh-Marquardt
algorithm (MATLAB Curve Fitting Toolbox, MathWorks). Fig. 11 de-
picts the parameters’ data as well as the identified power law. The R-
squared coefficient of determination obtained comforts the authors in
the establishment of such a function. Another way to depict how the
proposed material model handles the strain rate sensitivity is through
Fig. 12. Indeed, the uniaxial material response is given for various
strain rates based on both Eq. (6) and parameters’ values (see Tables 1
and 3). In addition, it may be noted that the strain rate dependence
mainly affects compressive loading modes. On the contrary, the tensile
behavior is slightly influenced by the strain rate which is the purpose of
the identification procedure. The visco-hyperelastic law using the trend
function determined previously is implemented in Radioss explicit code
(Altair HyperWorks) and is validated afterwards through comparisons
of numerical blunt ballistic impacts with experimental ones at diverse
projectile velocities.

6. Modeling of blunt ballistic experiments and validation

Before carrying out impact modeling, it is crucial to perform reliable
and repeatable non-penetrating impacts. Real-world impact events may
be replicated on a 25 cm gel block cube as these dimensions avoid the
influence of edge effects on the gel wall displacement. Fig. 13a re-
presents the experimental set-up for ballistic impact studies. Projectiles
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R?=0.9497
0.015

2| [MPa]

0.005%

0 1 1 1 1 1 1 1
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Fig. 11. Model parameter value versus the strain rate and its power fitting
function.
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Fig. 12. Uniaxial material response of the visco-hyperelastic law for various
strain rates.

are placed in a pneumatic launcher in a way to strike the gel center. A
velocity sensor at the barrel nozzle exit measures the projectile velocity
and pressure can be adjusted to obtain the desired projectile speed. A
lighting device and a high-speed camera are jointly used to capture the
ballistic event. Transparent light rulers are fixed to the gel surface,
leading to the precise measurement of the dynamic gel wall displace-
ment in both horizontal and vertical directions. Fig. 13b is a photograph
of the gel wall displacement during the impact of a rigid round pro-
jectile of 37 mm in diameter and a mass of 140 g launched at 20 m/s.
The same projectile is employed by Bir et al. [6]. This study corresponds
to one of the most complete investigations about the impact of LLKE
projectiles on PMHS’sternum with an aim of injury criteria assessment.
A dedicated routine is used to perform a digital image correlation using
black and white contrast (white dotted line in Fig. 13b) capturing gel
wall displacements.

One of the principal measurements during ballistic impacts is the
highest gel wall displacement over time. The repeatability and the
material ability to return to its initial state after an impact event are
ensured by conducting multiple ballistic tests for each impact condi-
tion. For instance, Fig. 14 represents the gel wall displacement time
history for five tests corresponding to the impact of the Fig. 13b at
20 m/s. It results in the validation of experimental testing with a re-
lative displacement error less than 3.5%.

FE modeling of blunt ballistic experiments is conducted by firstly
studying the mesh convergence for the gel block as in the previous
section. Simulating a non-penetrating impact results in very high ele-
ments distortion. Hence, important efforts have to be made to propose a
suitable FE model. A fine mesh is preferred at the region of impact and a
coarser mesh size is chosen further away from impact location. The FE
discretization of the gel for each direction is depicted as well as the
block dimensions in Fig. 15. To be consistent with the experimental set-
up presented in Fig. 13a, the top and sides of the FE gel block can be left
free. Due to very fast impact events, the numerical model can be sim-
plified by leaving the downside of the FE gel block free. These boundary
conditions reduce the model to a quarter by symmetry planes. More-
over, the backing plate employed during impact testing is numerically
considered by fixing a null displacement for the backing nodes of the FE
gel block. The complete boundary conditions applied to the gel block
are illustrated in Fig. 15. The projectile used during impact testing is
modeled as rigid. As for previous numerical studies, the surface-to-
surface general contact interface is chosen to model projectile/gel
contact. However, the friction effect is not considered during impact
modeling. Indeed, a sensitivity analysis of the friction coefficient is

DOl : 10.1016/j.iimpeng.2018.04.001 8
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Fig. 14. Gel wall displacement versus time for five non-penetrating ballistic
impacts on a gel block for a projectile velocity of 20 m/s.

undertaken and reveals it to be irrelevant for the numerical study. It has
no influence on the gel wall displacement profile as it is a macroscopic
metric.

Three impact conditions are replicated on the gel block with the
projectile initial velocities of 12, 20 and 30 m/s. Moreover, to highlight
the necessity of taking the material strain rate sensitivity into account, a
simple Mooney-Rivlin hyperelastic material model is compared to the
proposed model. The parameters are in this case identified by an in-
verse method using experimental wall displacement data for an initial
velocity of 20 m/s. These parameters are then used to model the impact

125 mm
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-
7
e
7

— — Experimental
70 | |—— Visco-hyperelastic
—— Hyperelastic /I Ve

40 +
12 m/s

Wall displacement [mm)]

Time [ms]

Fig. 16. Experimental and numerical gel wall displacement as a function of
time at diverse impact velocities.

at 12 and 30 m/s. Fig. 16 presents the experimental and numerical gel
wall displacement versus time for 12, 20 and 30 m/s. Firstly, error bars
illustrate the reduced scattering of experimental measurements for the
three velocities with a relative error less than 4%. Secondly, Fig. 16
highlights the very satisfactory correlation of the proposed visco-hy-
perelastic model compared to experimental curves. Thirdly, the model
developed provides a better accuracy than a simple hyperelastic model.
Moreover, it is important to note that the proposed model is based on
material physical properties. In addition, Fig. 16 depicts that for 30 m/
s, the FE model is less precise at very high displacements and thus, very

250 mm

|
o oo

U,=0

Fig. 15. Representation of the FE mesh for the gel block during the modeling of blunt ballistic impacts.
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Fig. 17. 2D gel wall displacement profiles for experimental and numerical
impacts at diverse moments for an impact at 20 m/s.

high elements distortions show the limits of FE modeling.

The ability of the FE model to obtain an accurate dynamic gel dis-
placement profile during an impact event is exhibited in Fig. 17. In-
deed, it presents the evolution of the 2D displacement profile of the gel
wall over time. It corresponds to the impact of a rigid projectile laun-
ched at 20 m/s. Predicted profiles at 1, 2, 3 and 5 ms demonstrate ex-
cellent agreements with measured ones. Some discrepancies can still be
observed between experimental and numerical profiles for a vertical
position Y > 40 mm. It may be explained by non-perfect symmetrical
impact conditions against numerical ones which are ideal. Furthermore,
the 2D displacement profile leads to the calculation of the displaced
volume at all times for the three impact conditions: 12, 20 and 30 m/s.
Indeed, cylindrical projectiles provide a symmetric deformation. Hence,
the displaced volume can be determined by integrating the 2D dis-
placement profile. Fig. 18 depicts the measured and predicted displaced
volume over time at diverse impact velocities. Volumes determined
numerically are in excellent agreement with experimental results for 12
and 20 m/s. At 30 m/s, some discrepancies appear at about 4 ms. This
moment is related to the higher error introduced by the numerical
model in terms of gel wall displacements (see Fig. 16). Furthermore,

250
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By 150
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o
g
3 100
=
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50
0 )
6
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Fig. 18. Measured and predicted displaced volume as a function of time at
diverse impact velocities.

disparities at low displaced volumes can be explained by the difficulty
of capturing gel displacements at the beginning of impacts due to op-
tical issues.

Qualitative comparisons may also be introduced between experi-
mental and numerical displacement profiles during a non-penetrating
ballistic event. Fig. 19 illustrates the evolution of the gel wall dis-
placement observed experimentally and numerically for an impact at an
initial velocity of 20 m/s. Fig. 19a—f demonstrate the FE model’s ability
to predict the dynamic gel wall displacement during a blunt ballistic
impact. It is worth noting that elements are subjected to very high
strains in front of the projectile. In addition, this projectile with sharp
edges increases elements distortion (see Fig. 19f). Therefore, a less
complex deformation is expected by impacting curved projectiles or
modeling behind armor deformation. The loading mode being mainly
compression, it sustains the experimental and numerical study of the
gel behavior over a wide range of strain rates.

7. Conclusions

A new visco-hyperelastic constitutive law has been developed for a
polymer gel to analyze blunt ballistic impacts. It is based on the two
parameters of the Mooney-Rivlin material model depending on prin-
cipal stretch ratios. Furthermore, the strain rate dependence is taken
into account by determining model parameters for each strain rate.

The determination of model parameters relies on a specific identi-
fication procedure. Indeed, a previous study on the mechanical char-
acterization of the SEBS gel through tensile and compressive tests led to
the establishment of a direct and indirect identification technique.
Moreover, the tensile response of the gel at dynamic strain rates is
unknown consequently impacting the proposed approach.

On the one hand, the authors attempt to minimize the strain rate
sensitivity for tensile loadings by the identification of one strain rate
independent material parameter. It is identified by means of tensile and
compressive experiments performed at a quasi-static strain rate. This
rate of deformation ensures stress equilibrium and a homogeneous
strain.

On the other hand, an optimization by inverse technique is neces-
sary to identify the second parameter through the modeling of com-
pressive tests for each experimental configuration. The experimental
study shows complex loading modes with the presence of a barreling
effect and a non-homogeneous strain. The optimization software
HyperStudy is used along with the explicit code Radioss (Altair
HyperWorks) to simulate compressive experiments and identify model
parameters. More precisely, a multi-objective optimization using the
response surface method is employed to fit model results with experi-
mental ones. For this purpose, high-speed imaging, load and displace-
ment data are exploited. To replicate the observed deformation nu-
merically, a Coulomb friction law is introduced to capture the mean
friction between specimen/plates interfaces. In addition, this coefficient
is also identified with the optimization procedure. The comparison of
experimental and numerical results indicates the FE model’s ability to
capture the precise material response subjected to compressive loadings
over a wide range of strain rates. Moreover, the strain rate dependence
of the model parameter is fitted with a power law based function giving
excellent correlation. The proposed visco-hyperelastic model is there-
fore implemented as a user-material subroutine in Radioss software.

The constitutive law developed in this paper is validated against the
FE modeling of blunt ballistic experiments. A rigid projectile is im-
pacted at various velocities on the gel block. FE model results demon-
strate very satisfactory responses through comparison with experi-
ments. Indeed, the model exhibits both an accurate gel wall
displacement and a consistent dynamic deformation. Moreover, this
study highlights the necessity to take the strain rate sensitivity of the
material into account by comparing the model developed with a simple
hyperelastic model calibrated at a specific projectile velocity. However,
for a very high gel wall displacement, the FE model is less
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Fig. 19. Evolution of experimental and numerical gel displacement profiles due to a blunt ballistic impact at an initial impact velocity of 20 m/s.

representative, probably due to important elements distortion. The torso FE model [45].
smoothed particle hydrodynamics method may then be introduced to
go further with the modeling of non-penetrating ballistic impacts.
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