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Ballistic injury refers to the interaction of a projectile and the human body, resulting in 
penetration or blunt trauma. In order to consider both consequences, a hydrodynamic elas-
toplastic constitutive law was implemented in a numerical FE model of the human torso to 
simulate soft tissues behavior and to evaluate their injury risk. This law, derived from 20%
ballistic gelatin, was proven to be very efficient and biofidelic for penetrating ballistic simu-

lation in soft tissues at very high velocity. In this study, the ability of the hydrodynamic law to 
simulate blunt ballistic trauma is evaluated by the replication of Bir et al.’s (2004) experi-
ments, which is a reference test of the literature for nonpenetrating ballistic impact. Lung 
injury criteria were also investigated through the Bir et al.’s experiments numerical replication. 
Human responses were evaluated in terms of mechanical parameters, which can be global 
(acceleration of the body, viscous criteria and impact force) or local (stress, pressure and 
displacement). Output results were found to be in experimental corridors developed by Bir et 
al., and the maximum pressure combined with the duration of the peak of pressure in the lungs 
seems to be a good predictor for lung injury.

Keywords: Nonpenetrating ballistic impact; biomechanics; soft tissues; FE method; numerical 
simulation; lung injury.
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1. Introduction

Exposure to ballistic threats is frequently encountered today and can occur both in 
defense and civilian environment.1 Ballistic threat investigations have interests in 
various fields: in the military and civil context, for the protection against ballistic 
attacks and in forensics, to understand damage mechanisms and body tissue behavior.2

Several studies have been conducted concerning the terminal ballistics (inter-
action of the projectile with the target) and for wound ballistic, which refers to the 
interaction between a projectile and the human body.3 In the past, post-mortem 
human subjects (PMHSs) and animals were used to investigate the terminal effects 
of projectiles, but to overcome ethical issues and to have high fidelity, from the 
1960s, the effects of projectiles are often investigated using tissue surrogate mate-

rials such as ballistic gelatin (BG) or ballistic soap.1,4–9 The use of BG has been 
proven by many experimental studies of the literature, which highlight its role as 
human soft tissue surrogate, taking into account the high strain rate response of 
human soft tissues.7,10–13 Thus, results derived from these experiments were used for 
numerical simulations. However, numerical models need material properties able to 
reproduce the high degree of strain-rate sensitivity of the human soft tissues,14 

based on these experiment results. In this way, a study was first conducted by 
Awoukeng-Goumtcha et al.,8 who use the 20% BG material to simulate ballistic 
impacts in soft tissues, using finite elements (FE) method. This model was modified 
by Taddei et al.9 who replicated impacts of steel spheres into soft tissues, repre-
sented by 20% BG, using hybrid FE-smooth particle hydrodynamics analysis. In 
both cases, a hydrodynamic material law was used to model gelatin behavior, and 
the numerical results were in good agreement with experimental results. Hydro-

dynamic constitutive law is interesting to explore how soft tissues can be affected by 
high velocity impacts and thus to understand the mechanism of injuries to find 
criteria for the risk of injury appearance, such as lung injuries.

As Bir et al.2 related, limited data on human blunt ballistic impact involving an 
impactor of 20–200 g and impact velocity of 20–250 m/s are available in the liter-
ature. These impact conditions can occur both in sports such as baseball, hockey 
and lacrosse leading to injuries and death15 and in the use of less-lethal weapon 
projectiles.16–18 Generally, less-lethal weapon projectiles are characterized by mass 
going from a few grams up to 100–200 g and by muzzle velocities going up to 150–
200 m/s. Indeed, during these last decades, the exponential increasing use of less-
lethal kinetic weapon projectiles in individual or riot control is designed to cause 
enough physical pain to incapacitate or repel the target while minimizing the risk of 
severe injuries.18 However, the literature reports that the most targeted zone of the 
body, the thorax, can sometimes sustain severe injuries.19–23 So, the less-lethal 
kinetic weapon projectiles raise the question of their dangerousness and how blunt 
projectile ballistic impact can lead to injuries.

Focussing on the thoracic impact, the present study is a numerical investigation 
of blunt trauma based on the replication of Bir et al.’s experiments.2 These
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experiments were replicated using a thoracic FE model with enhanced tissue con-

stitutive law. The projectiles used are noncompressible PVC baton of different

masses. Shots were made on the sternum to investigate the response in the impacted

area location: classical mechanical parameters generally used in the literature were

evaluated and comparison between numerical and experimental data was conducted.

Lung responses were also investigated to derive injury criteria and injury severity.

This paper will first describe the material law used to model soft tissues, the FE

model used and the experiments of Bir et al. Then, the next section deals with the

investigation of the computer surrogate biomechanical response and the evaluation

of thoracic injury criteria.

2. Materials and Methods

2.1. Hydrodynamic law for soft tissues

The mechanical properties of BG are known to be dependent on strain rate, time

and temperature.12 As illustrated in the literatures,7,13 the BG is a better simulant

for human tissue than other materials such as soap, lard and Sylgard. Although

some studies12,24,25 highlight the hyperelastic and hyperviscoelastic properties of

BG to describe its strain rate compressive response under specific test conditions,

other studies underlined the hydrodynamic aspect of the gelatin.13,26,27 This last

type of behavior is of interest, allowing to model the gelatin in shock configurations

(penetrating impacts, blunt impact and blast loading effects on soft tissues). To

simulate soft tissues, an elastoplastic hydrodynamic material was used according to

Refs. 8 and 9. To model this behavior, the Mie–Gruneisen equation of state (Eq. (3))

is used to define the nonlinear pressure evolution. For numerical implementation,

the polynomial form of the EOS is used (Eq. (1)). Moreover, the elastoplastic

behavior of the gelatin is simulated by the Hollomon hardening law (Eq. (5)).

The pressure is computed using a polynomial expression:

P ¼ C0 þ C1 � �þ C2 � �2 þ C3 � �3 þ ðC4 þ C5 � �Þ � Ev0; ð1Þ
where � ¼ 1� �

�0
and Ev0 is the internal energy per initial volume unit. The coef-

ficients Ci were determined from the Hugoniot and the equation of state. The cubic

form of Hugoniot (Eq. (2)), the Mie–Gruneisen equation of state (Eq. (3)) and the

energy conservation equation ((Eq. (4)) were used:

PH ¼ k1 � �þ k2��2 þ k3 � �3; ð2Þ
P � PH ¼ �0 � ðE � EHÞ; ð3Þ

EH � E0 ¼
1

2
ðPH þ P0Þ � ðV0 � VHÞ: ð4Þ

By replacing Eqs. (2) and (4) in the equation of Mie–Gruneisen Eq. (3), the Ci 
coefficients can be obtained like this:

C0 ¼ P0;
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c1 ¼ k1 �
�0

2
� P0 ¼ �0 � C2

0 �
�0

2
� P0;

c2 ¼ k2 �
�0

2
k1 ¼ �0 � C2

0:ð2s� 1Þ � �0

2
�0C

2
0;

c3 ¼ k3 �
�0

2
k2 ¼ �0 � C2

0:ðs� 1Þð3s� 1Þ � �0

2
�0C

2
0ð2s� 1Þ;

c4 ¼ C5 ¼ �0:

Therefore, the pressure state depends on the five parameters �0;C0; s;�0 and Ev0,

which are, respectively, the initial density, the initial material sound of speed, the

slope of the linear shock Hugoniot function, the Gruneisen parameter and the initial

volumetric internal energy.

To summarize, soft tissues behavior for numerical implementation in the FE

code (RADIOSS) is described as follows:

. the hydrodynamic character is represented by Eq. (1) involving the Ci

coefficients;

. the elasticity is described with Hooke’s law using the Young’s modulus E;

. Poisson’s coefficient � as long as the equivalent stress of Von Mises remains lower

than the plastic yield stress A.

Plasticity is modeled with the hardening Hollomon law (Eq. (5)):

� ¼ AþB"np: ð5Þ
With "p the plastic strain, B is the hardening parameter and n is the hardening

exponent. The law can be bounded in stress (�maxÞ and strain ("maxÞ.
Mechanical parameters used for soft tissue simulation, derived from Refs. 8

and 9, are given in Tables 1 and 2. The unit systems used are mm, g, ms.

2.2. HUByx FE modeling

The FE model of the human torso named HUByx (Hermaphrodite Universal Bio-

mechanics yx-model) was developed based on 3D reconstruction from medical scans

and can be considered as 50th percentile male model. This numerical surrogate

Table 1. Elastoplastic parameters for soft tissues.

�0ðg=mm3Þ EðMPaÞ � AðMPaÞ �maxðMPaÞ "max

1.06� 10�3 50 0.499 3 3.1 0.2

Table 2. Hydrodynamic parameters for soft tissues.

Ev0 C1 C2 C3 �0 P0

0.5882 2449 6502.2 9251.9 0.17 �0:1
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includes the main organs: heart, lungs, kidneys, liver, spleen, stomach, intestines,

muscles, skin and the skeleton. The development of the HUByx model can be found

in Ref. 28. This model was already validated against available data from the liter-

ature in various fields: automobile and nonpenetrating ballistic,28 blast29 and some

civil loadings.30,31 Until now, soft tissues were modeled using a viscoelastic model,

based on the Boltzmann model; however, the literature reports the nonlinear be-

havior of soft tissues material (by studying liver and kidney tissue behavior)32 with a

high influence of the impact velocities. Therefore, the present study used the elas-

toplastic hydrodynamic law (Sec. 2.1) to model soft tissues behavior (lungs, heart,

liver, spleen, kidneys and stomach). Material laws have been implemented in the

dynamic FE code (Radioss, Altair Hyperworks 14). Impactors used by Bir are

noncompressible PVC baton of different masses (Fig. 1). These impactors were

numerically modeled and simulations were conducted in accordance with the three

impact conditions of experiments of Bir et al.2

Global and transversal views of HUByx can be found in Figs. 2 and 3. Except the

soft tissues material parameters (Tables 1 and 2), material properties implemented

in the numerical model are listed in Table 3.

Fig. 1. Impactors used by Bir to determine human response to blunt ballistic impacts, extracted from

Bir’s thesis.

Fig. 2. Global front view of the HUByx model.
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The HUByx numerical model was used to reproduce the experiments of Bir et al.

A first validation of the model had already been done by implementing a viscoelastic

behavior law of Boltzmann type for the soft tissues. This second series of validation

consists in replacing the viscoelastic law by a hydrodynamic law in order to be able

to use the HUByx model for both nonpenetrating ballistic impacts and penetrating

impacts (when the projectile crosses human tissues) and to evaluate lung injury

criteria.

The impactors used in the BIR tests were numerically reproduced with the same

dimensions and mass (Fig. 4).

2.3. Bir’s validation test

The biomechanical responses of the human body to impacts are of crucial impor-

tance in the evaluation of protective equipment. Thus, Bir et al.2 developed thoracic

response corridors subjected to three different impact conditions for speed ranging

from 20m/s to 60m/s. These corridors were obtained from experiments on

Fig. 3. Global transverse view of the HUByx model.

Table 3. Material laws implemented in the biomechanical FE model HUByx.

Tissues Material model

Density

(g/mm3)

Young’s

modulus (MPa)

Poisson

ratio

Yield

stress

(MPa) References

Aorta Elastic 0.001 25 0.3 34, 35

Trachea Elastic 0.001 25 0.3 34, 35

Diaphragm Elastic 0.001 3 0.3 34, 35

Muscles Elastic 0.001 1–10 0.3 35

Skin Elastic 0.001 31.5 0.45 35

Inter-organs space/fat Elastic 0.001 0.5 0.45 34–36

Abdomen/intestine Elastic 0.001 0.5 0.45 34

Spongy bone Elastic 0.001 50 0.4 35

Cortical bone Elastic–plastic

Johnson-Cook

0.001 14,000 0.3 70 35, 37

Cartilage Elastic 0.001 50 0.3 36

Intervertebral disc Elastic 0.00125 5 0.3 34
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13 PMHSs and are a fundamental source of data in the assessment of nonpenetrating

impacts.

Repeated impacts were performed as long as the rib cage and sternum showed no

fractures. The PMHSs have different physical characteristics, emphasized by the

variability of their anthropometric data. The 13 PMHSs were exposed to three

different types of nonpenetrating ballistic impact on the thorax to determine the

mechanical response of the thorax based on changes in the impact force versus time,

deflection of the thorax versus time and the evolution of the force as a function of

deflection. The three ballistic impact conditions gave different results. Bir’s corri-

dors were used to validate HUByx biomechanical responses under the same impact

conditions.

Bir’s experiment tests are described in Table 4. The impactors used by Bir et al.

(2004) are illustrated in Fig. 1.

2.4. Description of injury criteria

The literature lists a series of studies providing information on mechanical para-

meters: pressure38,39 and more global parameters such as VCmax, to study their

Fig. 4. HUByx model with impactor C (lateral and frontal views).

Table 4. Ballistic impact conditions.

Projectile type

Length

(mm)

Diameter

(mm)

Mass of

projectile (g)

Impact

velocity (m/s)

A Noncompressible PVC baton 100 37 140 20

B Noncompressible PVC baton 100 37 140 40

C Noncompressible PVC baton 28.5 37 30 60
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abilities to predict body injuries. These parameters were evaluated to assess

thoracic injuries.

2.4.1. The viscous criterion

The viscous criterion (VC) is one of the criteria developed for the thoracic part to

evaluate the risk of injury.40 The VCmax is defined as \the peak of the product

between compression [CðtÞ] and the velocity of compression [V ðtÞ]". The compres-

sion CðtÞ is a normalized thorax compression relative to the normal depth of the

thorax of 236mm. This criterion is used by Bir to predict costal and sternal injuries.

The curve of the chest deflection as a function of time allowed the calculation of

VCmax for each test condition. The VCmax values obtained were associated with the

injury data. All cases without rib or sternum fractures revealed by an X-ray test

were considered AIS 0 (abbreviated injury scale). AIS values were assigned to all

cases in which there were injuries according to autopsy revelations. Thus, Fig. 5

extracted from the work of Bir33 lists the AIS and the VCmax obtained for the

different specimens subjected to the three test conditions (A, B and C).

Table 5 summarizes the VCmax and AIS (Fig. 5) for each impact condition.

Fig. 5. AIS and VCmax for the 13 PMHS used by Bir.33

Table 5. VCmax and AIS derived from Bir’s

experiments for each impact condition.

VCmax AIS

Min Max Min Max

Impact condition A 0.24 0.51 0 0

Impact condition B 0.65 2.35 2 3

Impact condition C 0.14 0.60 0 2
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2.4.2. Lung pressure

Pressure is a mechanical parameter used in several studies for the risk of lung

injury assessment.38,41 Indeed in the 1960s, Bowen et al.38 performed experi-

ments over 2097 animals of 13 different species to establish injury risk curves

related to human in the context of blast. These curves called \Bowen curves"

aim to estimate the tolerance of human to the primary effect of blast over-

pressure. As lungs being the most affected organs and a contributing factor to

the rates of mortality due to blast, lung injuries were examined on the Bowen

curves in terms of lung damage threshold. Maximum overpressures were plotted

against durations, and the curves give the threshold of lung damage and the

lethality which represents various survival probabilities (1%, 10%, 50%, 90%

and 99%).

This methodology is therefore used to evaluate the risk of lung damage for Bir’s

nonpenetrating impacts.

3. Results

Results on the human thoracic part were evaluated for each impact condition

by plotting force–time, chest deflection–time and force as a function of thoracic

deflection.

3.1. HUByx mechanical responses ��� global criteria

3.1.1. Force–time, deflection–time and force–deflection responses

The different curves shown in Figs. 6–8, constitute the numerical results obtained

through the replication of Bir’s experiments. In black continuous line are the

corridors obtained with different specimens.

These responses in terms of force/time, deflection/time and force/deflection are

globally within the corridors defined by Bir. These curves thus validate the use of

the hydrodynamic law for soft tissues and confirm the biofidelic response of the

HUByx model for nonpenetrating ballistic impacts.

3.1.2. VC response

Numerical VCmax was evaluated in our simulation by using the maximum value of

the product of the relative compression of the node of maximum deflection in the

impacted area of the thorax and the velocity of the node of maximum deflection.

The initial thickness of the thorax was taken to be equal to 236mm.

VCmax values obtained from the numerical simulation are given in Table 6

The numerical values of VCmax are included between the Min and Max values

obtained by Bir (Table 5).
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Fig. 6. Numerical response compared with Bir’s experimental results for impact condition A.

Fig. 7. Numerical response compared with Bir’s experimental results for impact condition B. 
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Table 6. VCmax derived from numerical simulation.

VCmax

Min Max Numerical values

Impact condition A 0.24 0.51 0.36

Impact condition B 0.65 2.35 1.33

Impact condition C 0.14 0.60 0.27

Fig. 8. Numerical response compared with Bir’s experimental results for impact condition C.

Fig. 9. Plotting of numerical VCmax on the injury risk curve of AIS � 2 versus VCmax. This curve was 
determined by logistic regression analysis from experimental cadaver data (Bir).33
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Table 7. Lung pressure resulted from numerical simulation.

Pmax (MPa) Duration of the pic (ms) Pmax (psi)

Impact condition A 0.118 1.5 17.1

Impact condition B 0.552 1.5 80.0

Impact condition C 0.102 1 14.8

By plotting the numerical VCmax values obtained with the FE simulations, in the 
injury risk curve of AIS � 2 versus VCmax, and determined by the logistic regression 
analysis from experimental cadaver data,33 it should be noted that:

. concerning impact condition A, the probability of having an AIS � 2 is about
11%;

. concerning impact condition B, the probability of having an AIS � 2 is about

98%;

. concerning impact condition C, the probability of having an AIS � 2 is about 8%.

These results are in agreement with Fig. 5, which gives the experimental values of 
AIS and VCmax.

3.2. HUByx mechanical responses ��� local criteria

In addition to the investigation of global criteria, this study goes further to assess 
the risk of lung injury. Therefore, mechanical parameters in the lungs (pressure), 
resulted from numerical simulation, were analyzed (see Fig. 10).

The maximum pressure considered in this study case is an average value over the 
maximum pressure zone.

The results obtained in terms of peak pressure (mean value of the maximum 
pressure zone) and the duration of the peak pressure are given in Table 7, for three 
impact conditions (Pmax is the mean of pressure value in the maximum pressure 
area).

Bir’s experiments were carried out on PMHSs; lung injuries are, therefore, dif-
ficult or even impossible to observe and characterize. This is the main limit of Bir’s 
testing for the study of human tissues. Bowen tests carried out on animals then 
become interesting in the study of lung injuries because the lungs are alive and 
therefore filled with air. Knowing that the AIS describes the severity of injuries, it 
seems interesting to establish a link between the pulmonary damage of the Bowen 
curve and the AIS values obtained in Bir’s experiments. AIS 3 corresponds to four or 
more rib fractures on one side and two to three rib fractures with hemothorax or 
pneumothorax from a skeletal injury point of view and also corresponds to lung 
contusion and minor heart contusion from a soft tissue injury point of view.1 Thus, 
using comparison between the Bowen lung damage curve and AIS 3 is really 
interesting and allows characterizing the lung injury which could correspond to the 
Bir impact condition B.
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By plotting the points obtained for each impact case on the Bowen curves, it can

be observed that impacts A and C are below the lung threshold damage. Impact B,

on the other hand, is above the limit of pulmonary lesion, suggesting a risk of

pulmonary contusion. The latter hypothesis is supported by the fact that in the soft

tissue AIS scale, a pulmonary contusion corresponds to an AIS 3,1 which is con-

sistent with the AIS obtained by BIR for the impact condition B (Fig. 5). Figure 11

shows the three cases of impacts plotted on the Bowen curves.

Fig. 10. Pressure peak area (impact condition B).

Fig. 11. Use of Bowen’s lethality curves (1%, 10%, 50%, 90%, 99% are survival probabilities). 
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4. Discussion

The numerical replication of Bir’s experiments is a convenient starting point to 
study the human thoracic responses under blunt ballistic trauma. The conducted 
numerical replication of Bir’s tests used specific soft tissue modeling, based on 20%
BG which is considered as a reliable human tissue surrogate.10,12,13 However, as 
stated by Nicholas and Welsch10 \although gelatin can simulate the density and 
viscosity of living human tissue, it lacks the structure of tissue. Gelatin does not 
bleed or have nerves or vessels". Thus, gelatin cannot simulate entire biological 
components. Nevertheless, from a numerical point of view and at a macroscopic 
level, the results obtained in terms of force–time and deflection–time histories and 
force versus deflection curves were in accordance with Bir’s experimental corridors. 
Although Bir’s corridors of force versus time have been criticized for possible 
measurement errors related to the nonconservation of momentum and energy,42 the 
Bir corridors remain a reference in the field of nonpenetrating ballistic impact.

By changing the soft tissues behavior law, roughly the same results were 
obtained both in the case of the use of a viscoelastic law (previous study28) and in  
the case of the hydrodynamic law (current study). However, it should be noted 
that the most influential material properties with regard to these ballistic vali-
dation cases are certainly the mechanical properties of bone materials, particu-
larly sternum. Since the objective was to investigate the lung injuries, material 
properties of the lung were of particular attention. In order to go further in the 
exploration of bone fracture appearance, more analyses are needed focussing on 
bones constitutive law.

It has been shown that for impact velocities above 3 m/s, the tolerance to injury 
becomes rate-sensitive.33 Therefore, for these impact cases, VCmax has proven to 
be the best predictor for injuries.40 This confirms the idea of using the injury curve 
of AIS versus VCmax to evaluate the probability to sustain squeletal AIS � 2 
(Fig. 9).

Moreover, as Bir33 stated that \for impacts with a velocity of deformation above 
30 m/s, blast injuries are common in the lungs"; it, therefore, seemed interesting to 
assess the probability of lung injury appearance from blunt ballistic impacts, based 
on blast criteria. Bowen curves38 then appear as a good way to assess lung injuries. 
Thus, when the peak pressure in the lungs as a function of the duration of the peak 
was plotted on the Bowen curves, it was found that impact case B is above the limit 
of pulmonary damage unlike the cases A and C. These results are consistent with 
those obtained experimentally by Bir. Indeed, for the impact case B, an AIS 3 had 
been raised and AIS 3 can refer to at least three rib fractures with hemothorax or 
pneumothorax,1 which can lead to pulmonary contusion. Our initial aim is to assess 
lung injuries, and it appears essential to include bone fracture in our investigation. 
This step is under progress.

To summarize, these results contribute to numerically validate the Bir experi-
ments with an elastoplastic hydrodynamic law for soft tissues. Indeed, the material
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properties used in the literature to model penetrating impact8 can be used for

nonlethal impact, as Bir replications’ tests give satisfactory results. In addition to

Bir’s numerical replication and the classical force and displacement time history,

investigation on more local mechanical parameters was conducted, leading to very

interesting conclusion about the correlation between AIS and pressure versus time

parameters. The three cases of Bir were significantly plotted on Bowen curves.

Nonlethal impacts are specific loadings and still raise the question about their

dangerousness for the human body and the choice of projectiles to reduce the risk of

injuries. Several studies of the literature have investigated these issues, attempting

to explore their impacts on different surfaces at different velocities.16,18,43 At a

numerical level, the modeling process used in the present study can be extended to

several other projectiles, even deformable ones (Bir’s projectile being rigid), in order

to assess their potential dangerousness and the risk of injury for the human body

when impacted by such projectiles.

5. Conclusion

Numerical replication of Bir’s reference case is an important step in the validation of

the thoracic numerical model, in terms of mechanical response under blunt ballistic

impacts. The use of an elastoplastic hydrodynamic law, already validated for soft

tissues in the case of penetrating ballistic, was found to be interesting for non-

penetrating ballistic impacts. Indeed, biofidelic response of the numerical model was

obtained, in agreement with Bir’s experimental corridors. Assessment of these three

reference impacts was also conducted using other mechanical numerical parameters

such as VCmax and pressure time history and was found to be very interesting to

evaluate the dangerousness of these impacts. Indeed, the values obtained and com-

pared with the AIS scale give encouraging results in the investigation of thoracic

injury criteria. The validation process used in this study could be applied to other

types of projectiles, such as nonlethal ones, to assess the risk of blunt impact injuries.
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