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Abstract

Anti-personnel Non-Lethal Weapons (NLW) are weapons that are designed to im-
part sufficient effect onto a person in order to deter uncivil, suspect or hazardous
behaviour with a low probability of severe or fatal injury. They are used both by
military and law enforcement in situations of low-intensity conflicts like riot control,
access denial, peacekeeping missions i.e. situations where the use of lethal force is
not appropriate nor desired. The most used of these weapons are the Kinetic Energy
Non-Lethal Weapons (KENLW).

The underlying principle of KENLW is to launch a projectile with a mass varying
between 5 g and 140 g at initial velocity up to 160 m/s, which by a mechanical action
on the target, will cause enough physical pain to incapacitate or repel the target
while minimising the risk of severe injuries. But their use is not without risk as
in practice, the impacts of Kinetic Energy Non-Lethal (KENL) projectiles on the
human thorax resulted in injuries, some of the them were severe even fatal. Therefore
there is a need to develop methods of assessment.

These assessment methods are essential in order to help deciders in charge of non-
lethal weapon procurement with technical information so they can choose the best
product (weapon or projectile) available on the market; to give relevant information
to the manufacturers in either developing new weapons or projectiles that are more
effective, or improving the existing ones, and finally to the end-users (military or
police forces) of these weapons, information on operational distance of engagement.

In practice, it has been observed that the thorax is the body region of where
the impacts of KNL projectiles led to more significant injuries than other parts of
the body apart from the head which is never targeted at. Therefore in the present
thesis, only assessment of thoracic impacts will be investigated.

Besides tests on PMHS (Post Mortem Human Subjects), animals or human sur-
rogates, one powerful tool that is used nowadays to assess the thoracic impacts is the
finite element method (FEM). It has many advantages like the capability of account-
ing for complex geometries or complex material modelling and its cost-effectiveness.
It also gives insight on physical variables (stresses, strains,...) inside the material
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which are inaccessible by other means. It helps for a better understanding of the
injury mechanism. Moreover, it helps to reduce cadavers or animal testings. In the
present thesis, only FEM will be considered as tool for injury risk assessment.

On the one hand, a thorax finite element (FE) model, the SHTIM (Surrogate
Human Thorax Impact Model) has been developed for the injruy risk assessment.
Number of assumptions has been made relative to the thorax geometry and the ma-
terial characteristics are based on literature. The model has been validated thanks
to the results of experiments carried out by professor C. Bir. A viscous injury crite-
rion were defined as the parameter relevant for the occurrence of the thorax skeletal
injury. This criterion is used for the prediction of the thoracic injury outcome.

On the other hand, FE models of six projectiles have been developed where
most of material characteristics were taken from the literature. For the 40 mm
sponge grenades, a new method of characterising the deformable nose has been
developed. The projectile FE models were validated by comparing numerical results
to experimental results obtained from real firing testings of the projectile against
a rigid wall structure. These testings have been performed within the Department
ABAL. Good correspondence was found.

Once the thorax FE model and the projectile FE models validated, numerical
simulations of the impact between the thorax and the projectile were performed.
Using the viscous injury criterion, risk assessment of the thorax impacts was carried
out. For each projectile, a critical velocity was determined which thanks to the
retardation can be linked to a minimum firing distance, the safe distance. This is the
distance below which an impact will result in a higher risk of skeletal thoracic injury.
This information is very important for the end-users (military, police). Moreover
comparison of the performance of different KENL projectiles was carried out.

Few years ago, the Department ABAL acquired a thorax mechanical surrogate,
the 3RBID (3 Rib Ballistic Impact Dummy) for the prediction of thoracic injury. It
was an opportunity to compare both surrogates and to see if the SHTIM results are
consistent with the 3RBID results. Good correspondence has been found especially
for projectiles with larger diameter for example the 40 mm sponge grenades.
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Chapter 1

Introduction

The non-lethal concept as we know it today dates back in the fifties. It was initiated
by the political change which occurred in the world especially in western countries.
The fulfilment of police tasks by military defence forces in peacekeeping and hu-
manitarian missions is one of the major factors that has contributed to the rapid
development of non-lethal weapons in the military forces. Such weapons are well
suited in situations of low-intensity conflicts like riot control, access denial, peace-
keeping missions i.e. situations where the use of lethal force is not appropriate nor
desired. Non-lethal weapons come into play when the use of excessive force is not
appropriate nor necessary and the (physical) presence or the use of verbal commands
seems to be ineffective.

Non-lethal weapons offer a gradual approach in the use of force and provide
police and military forces with additional capabilities in conflict situations. Several
non-lethal technologies are currently available. They mainly use, in some way or
another, electric, electromagnetic, acoustic or kinetic energy. The present thesis is
limited to kinetic energy non-lethal weapons (KENLW), the most frequently used
category. The underlying principle of KENLW is to impart kinetic energy to a
projectile, the impact of which will cause enough physical pain to incapacitate or
repel the target while minimising the risk of severe injuries. The review of the
literature indicates that the thorax is the most often targeted zone of the body and
can sometimes sustain severe injuries if hit by a kinetic energy non-lethal (KENL)
projectile. The focus in this thesis will be on thoracic impacts.

Unlike the conventional weapons that may cause severe or fatal injuries, the
non-lethal weapons are designed for temporary incapacitation with reversible conse-
quences or minor damage to the human body. There are two main issues that raise
concern when using KENLW: the safety issue (avoid permanent or severe injury in
normal conditions of operation) and the effectiveness (achieve the desired effect for
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the fulfilling of the mission). Different questions must be answered. What are the
limits (tolerance levels) beyond which non-lethal weapons could cause irreversible
(severe or fatal) damage? How to assess the associated risk of injury? What are the
operational conditions of use i.e. the minimum and the maximum firing distances
at which range they can be used (effective distance)?

The answers to these questions call for a better understanding of injury mecha-
nisms resulting from the use of KENLW projectiles and for the necessity of develop-
ing assessment methods for the injury risk assessment. They will provide non-lethal
weapon procurement divisions with enough technical information allowing them to
select the best available product (weapon or projectile). They will provide manu-
facturers with relevant information allowing them to improve their current products
or to develop more effective non-lethal weapons or projectiles. And finally, they will
provide the end-users (military or police forces) of these weapons with information
on operational distances of engagement. The emphasis in the present work is put
on the safety issue i.e. what is the minimum requirement when using KENLW to
avoid severe injuries. Additional to that, wherever the information about dispersion
of the KENLW is available, maximum distance of engagement, can be determined.

When studying KENLW, it is desirable to develop tools that render experiments
on human beings or animals unnecessary. In general, two main types of tools have
been developed namely the mechanical surrogates and the virtual surrogates (nu-
merical models). Compared to mechanical surrogates, virtual surrogates (numerical
modelling) are very cost-effective, they are easily adaptable and have interesting
predictive capabilities. The present study is about the development of numerical
tools for thoracic injury risk assessment of the KENL projectiles.

This thesis is structured as follows.

Chapter 2 is an introduction to non-lethal weapons. The variety of NLW tech-
nologies is briefly described. Emphasis is put on KENLW and the characteristics of
many KENL projectiles are described. The literature review presented in this chap-
ter shows that apart from the head, most of the serious injuries has been attributed
to thoracic impacts. The purpose of the thesis is also presented, the development of
numerical tool for thoracic injury risk assessment of the KENL projectiles.

Chapter 3 provides an introduction to the biomechanics of the thorax. The
concepts of injury mechanisms, injury criteria, the tolerance levels and the injury
risk curve are covered in this chapter. The studies carried out on the subject by
Wayne State University (WSU) in the United States of America is exposed as it
is the only open-source literature available where tests have been carried out on
Post-Mortem Human Subjects (PMHS) for the study of KENLW.Therefore these
studies are important for the present thesis as they provide the baseline data that
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are used for the validation of the thorax FE model. A literature review of FE models
that has been developed for KENL projectile impacts is carried out and the differ-
ences with the mechanical surrogates are highlighted. The 3RBID (3 Rib Ballistic
Impact Dummy), a thoracic mechanical surrogate acquired by ABAL (Department
of weapon systems and ballistic) is also described. Data obtained from the KENL
projectiles impacts were used in order to compare the two systems (the 3RBID and
the SHTIM).

Chapter 4 gives a general introduction to FE method. The types of FE dis-
cretization, contacts as well as material models especially elastic materials are cov-
ered. To carry out the numerical simulations, a general methodology has been
defined for the evaluation of the impact of the projectile on thorax. It consists of
three main steps: the building of the thorax model as well as the projectile mod-
els, the validation of these models and finally the evaluation of the impact of the
projectile on the thorax.

Chapter 5 concerns the development of the thorax FE model. This develop-
ment is divided into many steps. Firstly the thorax geometry is obtained from a
CAD software, then it is meshed. Secondly, material properties of different parts is
obtained from the literature. The FE model of the projectile used for the valida-
tion of the thorax model is developed and finally the SHTIM is validated by using
biomechanical corridors defined in Bir’s experiments.

Chapter 6 concerns the development of projectile FE model. This development
is divided into many steps. For each projectile, the geometry is generated from a
CAD software, then it is meshed. Secondly, material properties of different organs is
obtained from the literature except for the 40 mm sponge grenades. A new method
of material characterization has been developed in order to obtain the material
properties of the deformable nose of the 40 mm sponge grenade. It consist in using
the direct firings of the projectile against a rigid wall (RW) structure. This method is
described in the same chapter. Finally for each projectile, the FE model is validated
by using the same firings data on RW.

Chapter 7 presents the injury risk assessment results of the thoracic impacts.
Some considerations about this assessment are given. For each projectile, simula-
tions are performed at different impact velocities and the viscous criteria are com-
puted. Assessment is carried out by comparing the values of the computed viscous
criterion for each velocity to the threshold value. This results in the determina-
tion of the critical velocity. Using the retardation, the minimum firing distance is
determined for each projectile. Then the comparison between the 3RBID and the
SHTIM model is made.
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In the last chapter, conclusions are presented. Some recommendations and dif-
ferent axes where future investigations are possible are presented.
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Chapter 2

Formulation of the problem and
objectives

This chapter will cover the concept of KENLW and the underlying principles, their
employment and usefulness. Several categories of current weapons will be discussed,
although the focus will be on the study of kinetic energy non-lethal anti-personnel
weapons. A review of the literature on these specific systems will then be presented,
highlighting the critical body regions for study. The chapter will conclude with a
comprehensive, clear and precise outline of the goal of this thesis.

2.1 Background

The concept of "non-lethal" is not new, at least in its principle. This principle can
already be found in Sun-Tzu’s statement (5th century BC) [8]:

"The practical art of war, the best thing of all is to take the enemy’s
country whole and intact; to shatter and destroy it is not so good. So,
too, it is better to recapture an army entire than to destroy it, to capture
a regiment, a detachment or a company entire than to destroy them.
Hence to fight and conquer in all your battles is not supreme excellence;
supreme excellence consists in breaking the enemy’s resistance without
fighting."

Even if the principle was already known, the "non-lethal" term and the non-lethal
weapons were effectively introduced much later [9]. Most of early non-lethal de-
velopment programs were undertaken by US and UK [10]. Nevertheless, impact
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weapons such as the truncheons, the billy clubs or the straight wood batons can
be considered as the first non-lethal impact weapons. They have been used by the
police for more than one hundred years. They were the precursors of the actual
batons (telescopic, side-handled or expandable batons...), more ergonomic and ef-
ficient [11]. Unlike the batons used in a one-to-one confrontation, another type of
non-lethal weapons that have been used by the police for many years as riot control
agents (RCA) is the chemical agents. The best known are CN (Chloroacetonophe-
none), CS (2-chlorobenzyliden malonitrile) and OC (oleoresin capsicum) used as
tear gas. The use of KENLWs started in the 1950s in Hong Kong, where wooden
bullets ammunitions were used by the UK police for riot control [12].

The "non-lethal" concept as we know it today dates back to the fifties and
sixties initiated by the political change which occurred in the world especially in US
and UK. As stated by Weinberger and Hambling [13], "Although many of the "non-
lethal" weapons available to the police at this time were products of military research
and development, the military were yet to take a significant interest in the concept.
During the 1980s this situation did not change greatly since the technological arms
race was driven by the Cold War stand-off between NATO (North Atlantic Treaty
Organization) and the Warsaw Pact countries focusing primarily on nuclear weapons
development".

But it was much later in the 1990s that we saw the ever growing interest of the
armed forces in the development and the use of non-lethal weapons. The intervention
of the military force, assuming the missions of police, in the context of peacekeeping
and humanitarian missions, is one of the major factors that have contributed to the
rapid development of these weapons. The first conflicts in the post-Cold War era
have highlighted the existence of a gap between the military presence and the use of
lethal force as the US forces were confronted to a new type of wars, the asymmetric
wars (as opposed to conventional wars), which they were not prepared to. This gap
unfortunately has been exploited by the local combatants in many crisis situations
in which the US forces were involved [14].

For example, in Iraq and Afghanistan, we have seen people being used as hu-
man shields around neuralgic points, combatants and/or terrorists mingled with the
population [14, 15]. This raised major problems to the US forces and theirs allies
as the threat was no more clearly identified (difficulty of discriminating combatants
and non-combatants) and the risk of civilian casualties was greater. In Somalia,
engaged in urban operations, combatants of warlords were hiding among women
and children and were using them as cover while attacking US troops [14]. The way
the latter react is generally on scrutiny as there are rules or principles defined in
international law of armed conflicts to which they are supposed to comply and one
of the basic principles in operations is the principle of discrimination i.e. avoiding
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non-combatants casualties [16]. The highly extended coverage of the media of these
conflicts and the concerns raised about civilian casualties since combatants were
mingled with civilians were factors that generally could fuel anytime the reactions
among local and (inter)national population. As a result, on the one hand, local
population might be less cooperative and show more hostility towards the foreign
troops who were engaged on peacekeeping missions for example. On the other hand,
the public opinions in democratic countries might not continue to support their gov-
ernment and their troops because of the unnecessary losses among civilians. It is in
the wake of those events that many non-lethal weapons were developed.

The situation of the UK which is also one of the forerunners in the development
of non-lethal weapons was a little bit different. Already in the early 70s, non-lethal
weapons were developed and used in order to deal with the uncivil rest in North-
ern Ireland. This conflictual situation between the Unionists and the Nationalists
has made the island one of the first test fields of non-lethal weapons. During their
policing operations, the British armed forces have repeatedly used non-lethal am-
munition (rubber bullets and later plastic bullets) in the streets of Northern Ireland
cities [17, 18].

These aforementioned situations are few examples of non-conventional situations
encountered by armed forces with one major concern, minimizing civilian casualties
or collateral damage. This changed the way armed forces have to intervene in these
forms of conflicts where traditional warfare methods are no more appropriate. Non-
lethal weapons then provide additional capabilities in order to fill this gap between
the use of excessive force, in this case, not appropriate and the non-use of force,
ineffective. The non-use of force can be characterised by the sole (physical) military
presence or by the use of verbal commands.

Thanks to the technological advances in those years, different types of weapons
have been developed that allow a gradual approach in the use of force (Figure 2.1)
making the application of the principle of proportionality 1 even more suitable [19].
This is another basic principle, part of human rights law, to which the military
forces are supposed to comply in operations other than wars. Proportionality is
based on the idea that it is unjust to inflict greater harm than that unavoidable to
achieve legitimate military objectives [14]. Figure 2.2 gives an example of a force
continuum scheme describing the gradual response of the military force to a given

1The notion of proportionality is a very ancient concept in its principle (code of Hammurabi
1772 BC). It was first and formally stated by the Federal Constitutional Court of Germany. Three
elements were taken into account for defining the principe of proportionality : (i) Suitability (the
measure should be suitable for achieving the desired objective); (ii) Necessity (a less restrictive
means should be used if it is equally effective); and (iii) Proportionality in the strict sense (the
measure should not be disproportionate to the objective) [19].
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situation. "Without access to non-lethal means, commanders have no intermediate
choices on the continuum between ’detect’ and ’destroy’. Non-lethal weapons add
’delay’, ’deny’, and ’defeat’ as intermediate steps in the range of options available to
the commander. If full spectrum dominance can be described as a ladder, non-lethal
weapons put the bottom rung on that ladder by allowing warfighters the potential to
smoothly ratchet up the level of force as the situation warrants)" [16].

It appears that non-lethal weapons are well suited in situations of low-intensity
conflicts like access denial, peacekeeping operations ... and provide, to the military
forces and to the police forces as well, means enabling them to cope with the va-
riety of conflicting situations they may encounter in operation fields. The field of
operations of these weapons is very wide, hostage taking, riot control, counter-drug,
prison management, counter-terrorism operations ...[16, 20].

Figure 2.1. Gradual approach in the use of the force (Force continuum)[21].

Although this seems obvious, a non-lethal weapon is a weapon. As such a certain
risk is related to its use. Thus it is not a gadget. Generally when people speak of a
weapon, the first idea that comes to the mind is a device generally associated with
wars, criminal activities, murder ... a device designed to kill or to inflict great harm.
Therefore, we naturally think ’lethal weapon’ or ’firearm’ when we speak about a
weapon. Conversely, referring to a non-lethal weapon could then be confusing in the
mind of many people. Because of that, the term ’non-lethal’ has been the cause of a
lot of controversy and up to date there is no consensus about the better terminology
to design such weapons among the community members. As John B. Alexander
states: "It is important that the fundamental issues and concepts are understood
in the context of current geopolitical realities. In many future military missions,
as well as with police protecting our citizenry, use of deadly force will necessarily
be minimized . The name applied to that task is not really important. Providing
appropriate weapons options for field commanders and law enforcement officers is
[12] ". Now, many other terminologies such as less-lethal, less-than-lethal, sub-lethal
or AEP (Attenuating Energy Projectile)... weapons, have emerged. We will stick
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Figure 2.2. Example of a force continuum scheme. Adapted from [14].

in the present work to the terminology and the definition that are used by US DoD
(United States Department of Defense) and within NATO ([22],[23]).

2.2 Definition

"A non-lethal weapon is a weapon that is explicitly designed and primarily
employed to incapacitate or repel persons or to disable equipment, while
minimising fatalities, permanent injury and damage to property and the
environment" (AAP-6(2008) - glossary NATO).

In its policy ([23]), the DoD states that

a. Unlike conventional lethal weapons that destroy their targets principally through
blast, penetration, and fragmentation, NLW employ means other than gross physi-
cal destruction to prevent the target from functioning. NLW are intended to have
relatively reversible effects on personnel or material.

b. NLW are capable of delivering a level of force that achieves immediate target
response and can provide predictable and intended reversible effects, allowing the
affected target to return to pre-engagement functionality.

9
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c. NLW are developed and used with the intent to minimize the probability
of producing fatalities, significant or permanent injuries, or undesired damage to
materiel, but do not, and are not intended to, eliminate risk of those actions entirely.

One thing that transpires from the definition as well as in the DoD’s statement
is that the focus in the definition is put on the intent, not on the description of the
system nor its effect. Generally, the intent does not guaranty that in practice, it will
be 100% safe as casualties can occur even though one of the goals is to minimize
them. This raises another issue, what could be the acceptable number of casualties?
(refer to Chapter III). Therefore a gap still exists however between the intent and
the reality, both in terms of technical realization and in the use of such weapons
(deployment, ethics).

Another thing to be considered is that the definition does not refer to any
means to achieve this goal. On the one hand, everything can be lethal or non-
lethal depending among other factors, the condition of its use. For example, a
KENLW, described as non-lethal at 30 meters, may become lethal if it is used at a
closer range. Conversely, a lethal weapon does not necessarily lead to a permanent
or fatal outcome. Therefore clear rules of engagement have to be defined as without
a concrete and operational definition, the concept of non-lethal weapons can be
misinterpreted. On the other hand, as the means to be used and the intended
effects are not specified, this has opened large possibilities for the development of a
wide spectrum of weapons based on diverse technologies. In the following section,
an overview of different technologies will be given with a particular emphasis on
KENLW.

2.3 Technologies

Traditionally, the evolution of the (non-lethal) weapons is closely tied to the evolu-
tion of technology. Depending on the used technologies, the effects can be different
and conversely, depending of the intended effects, a specific technology can be used
[24]. The scientific and technology advances combined with an increasing need of
non-lethal capabilities in the late 20th century result in a boosting effect on the de-
velopment of non-lethal weapons. Based on diverse technologies, different types of
non-lethal weapons were developed. They can be grouped into different categories
depending on the nature of the technology upon which they are built [16, 25]. We
can distinguish kinetic energy, electrical, chemical, biological, optical, acoustic or
directed energy NLWs.
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Another way of grouping non-lethal weapons is according to the type of the
target. We distinguish [16]: the anti-personnel non-lethal weapons and the anti-
material ones (Table 2.1). The interested reader can find a good summary of the
different weapon types and the corresponding technologies in [2, 3]. In the present
thesis, we will only consider the anti-personnel non-lethal weapons which can be
divided as seen previously in function of acoustic, electric, electromagnetic, chemi-
cal,..., or kinetic technology. Exposed to such weapons, the human body will respond
through different mechanisms in a way that will affect the human physiology or alter
the human’s behaviour. When considering non-lethal weapons, one can paraphrase
Paracelsus2 the quantity or the dose of the ’non-lethal weapon’ stimulus (stimulus
force or intensity) determines whether the effects are lethal or not. In addition to
dose, other factors may also influence the lethality of a non-lethal weapon such as
the route of entry, the duration and the frequency of exposure, variations between
different species (interspecies) and variations among members of the same species
(intraspecies)[26].

Because each non-lethal technology covers a broad subject, the scope of this
study is limited to KENLWs as they are the most widely used weapons both by civil
and military forces [27, 28].

Core Capability Functional Area with Core Capability

Counter-Personnel

Crowd control
Clear facilities of personnel
Incapacitate personnel
Deny an area to personnel
Neutralisation of individuals and groups
Crowd control
Dispersion of crowd
Protection of individuals and groups
Rescuing of individual/groups

Counter-Materiel

Deny an area to vehicles, vessels, aircraft
Neutralisation of infrastructure and equipment
Protection of facilities and equipment
Disable equipment and facilities
Clearing a facility
Neutralisation of communications

Table 2.1. Classification of Non-Lethal Weapons according to the target and
functional area. Adapted from [29]

2Paracelsus suggests, the quantity or the dose of the substance determines whether the effects
of the chemical are toxic, nontoxic or beneficial. In addition to dose, other factors may also
influence the toxicity of the compound such as the route of entry, duration and frequency of
exposure, variations between different species (interspecies) and variations among members of the
same species (intraspecies).
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2.4 KENLW

The underlying principle of KENLW is to impart kinetic energy to a projectile, which
by a mechanical action on the target, will inflict instant physical pain sufficient to
incapacitate or repel the target without penetrating but causing however a blunt
trauma. KENLWs provide to the military or the police forces a way of incapaci-
tating a suspect over a distance without putting themselves in danger. The main
characteristics of a system <KENLW and ammunition> are the projectile mass,
the projectile material characteristics, the nominal velocity, the range, the ballistic
stability and the accuracy. They play a key role in the performance of the system
and naturally in the terminal effects i.e. the global impact effectiveness in terms of
pain level or injury severity on human target.

Compared to conventional weapons, KENLWs are devices that fire projectiles
at relatively low velocity (70-160 m/s). As a consequence, they have a limited range
and generally their accuracy drops rapidly as the distance increases. This means
that at a relatively limited distance, either people are more likely to be struck at
unintended places such as the head and neck, the most sensitive and vulnerable parts
of the body or the likelihood of striking unintended people (collateral damage) is
greater [3, 24].

As the head is never aimed at [3, 30] as Bozeman et al. also pointed out "Users
of less lethal kinetic impact munitions are trained to target the torso and proximal
extremities of a suspect while avoiding the head, neck, precordium and groin areas"
[31]. This sets an upper limit, the maximum effective distance in order to avoid
such negative effects. Conversely, a relatively closer distance to the target increases
the likelihood of severe injuries. This sets a lower limit, the minimal safe distance
(Figure 2.3). The effective range is generally a result of a balance between safety and
effectiveness i.e. non-lethal weapons "must achieve an appropriate balance between
the competing goals of having a low probability of fatality or permanent injury, with
minimal undesired damage, and a high probability of having the desired effects" [31].
The ideal for the manufacturer as well as the user would be a weapon that would
have a larger effective range and at the best would have a minimum safe distance
being equal to zero.

Figure 2.3. KENLW effectiveness.
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2.4.1 History of KENLW Projectiles

The first use of KENLW can be traced back in the late of 1950s in Hong Kong, where
cylindrical inch-long bullets made of teak were used by the British colonial police for
riot control. They were skip-fired 3 off the ground with the aim of striking people in
the legs [10]. But they were too dangerous. No one could predict the bullet’s path
after the impact or rebounding on the ground with the risk of hitting unintended
body area; on the ground, they could also shatter. As they could cause serious injury,
even death, they were ruled out during the Northern Ireland civil disturbances and
new bullets made of hard rubber were used by British Army, namely the L2A2 that
was first introduced in 1970 [32]. The bullets had a mass of 140 g and were 150
mm long, 35 mm in diameter. They were also skip-fired like the teak bullets from
a smooth barrel. But because of rubber elasticity, they would rebound much higher
than the latter increasing the risk of hitting the head and therefore the risk of serious
injuries.

In an attempt to reduce fatalities, the rubber bullets were replaced by plastic
bullets, a shorter, much lighter and more accurate bullets as they were gyroscopically
stabilized. They were designed to be directly fired at a person and have a relatively
low muzzle velocity. The first plastic bullet was made of PVC and was 89 mm long,
38 mm in diameter and weighed approximately 131 g [33]. Different plastic bullets
such as L5A7 and L21A1 bullets were developed. They proved also to be dangerous
at short range([10], [32]). For example the L21A1 more recent then the L5A7 has
a mass of 98 g and its dimensions are 100 x 37 mm. It has a muzzle velocity of
about 72 m/s and has been used since 2001 by the British police. But in 2005, it
was replaced by the AEP (Attenuated Energy Projectile) that has almost the same
characteristics but with a reduced injury risk especially to the head [34].

In the late 1960s and the early 1970s, contrary to the UK where 37mm-plastic
bullets were widely used and fired from dedicated launchers, in the US, the 12-gauge
beanbag rounds have been the most widely among the different types of projectiles.
Its success was due to the fact that it could be direct fired from any standard
shotgun rather than requiring a specific launcher. The beanbag consists of a cotton
or nylon casing containing 9 lead pellets . It has a mass of 40 g and is drag-stabilized.
The muzzle velocity of the projectile is about 90 m/s. At the impact, the energy
is distributed over a larger surface area, thus limiting the physical damage. The
minimum distance at which this type of weapon is to be used is 6 m and at a
distance greater than 21 m, the weapon is inaccurate [35]. Many other KENLW

3skip-fire rounds are intended to be fired into the ground in front of the target, where they
dissipate some energy and then rebound into the target
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munitions of different diameters were developed later on among which the XM1006
sponge grenade, deployed to Bosnia and Kosovo for peacekeeping missions [29, 36].

During the Israeli-Arab conflict in 2000, Israeli Defense Forces and Israeli police
used KENL ammunition of two types, the RCC-95 and the MA/RA-88 [12]. They
could be fired from a standard M16 rifle or any other rifle with a NATO 22 mm flash
suppressor. The RCC-95 is a blunt cylindrical projectile composed of three metal
cores coated by a layer of rubber shell 2 mm thickness. The projectile has a mass
of 48 grams and a diameter of 18 mm with a muzzle velocity of 130 m/s. These
projectiles may be used at a distance of 40 to 70 meters. Serious injuries may result
if it is shot at closer distance (<40m). The MA/RA-88 projectile consists of fifteen
rubber bullets that have a metal core specifically designed for crowd control. The
diameter of the balls is 17 mm and the mass 17 g. With a muzzle velocity of 78m/s,
the recommended target engagement range is between 30m and 80m [32].

2.4.2 Projectile description and characteristics

There exists a great variety of projectiles currently available on the market (Table
2.2). Some of them are represented on Figures 2.4-2.5. These projectiles are launched
using either conventional existing weapons or dedicated weapons (Figure 2.6) and
have mass that varies from 5 g to 140 g. They can be drag-stabilized, fin-stabilized
or gyroscopically stabilized. They can be divided in function of their physical,
geometrical and material characteristics (Table 2.2).

Projectile Material Diameter
(mm)

Mass (g) Muzzle velocity
(m/s)

Rubber bullets Rubber 7.5 to 18.5 6.5 to 15 100 to 152
FN303 Hollow plastic ball full

of bismuth and glycol
17.2 8.2 90

Beanbag textile bag full of lead
balls

18.5 40 70 to 90

Baton rounds rubber, wood, PVC,
polyurethan

35 to 38 90 to 140 58 to 73

40mm sponge
grenades

Plastic projectile with
rubber or foam nose

40 27 to 60 85 to 105

Flash-Ball Rubber 44 28 85 to 125

Table 2.2. Projectile characteristics [37].
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Figure 2.4. 12 gauges projectiles+ FN303 projectile.

Figure 2.5. 40 mm diameter projectiles
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Dual purpose launchers for 12 gauge projectiles.

Dedicated launcher used for FN303 projectiles

Examples of launchers for 40 mm diameter projectiles

Figure 2.6. Launcher types.
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2.4.2.1 Geometrical characteristics

One of the main geometrical characteristics is the projectile diameter4. The database
("EWG-NLW Commercial Technology Table - Kinetic Energy Devices v9.0") con-
tains most of the KENL (Kinetic Energy Non-Lethal) projectiles and gives a good
idea of the general trends in KENL ammunition currently available on the market
[38]. The relative proportion of each projectile when we consider the projectile di-
ameter is given in Figure 2.7. The most used projectile caliber types are 17-18,5 mm
caliber projectiles (Figure 2.4) which can be launched with 12 gauge launchers or
dedicated launcher for FN303 projectiles and 37-40 mm caliber projectiles (Figure
2.4) which can be fired with 40 mm launchers.

Generally, projectiles with small caliber ( 18.5mm) are more likely to cause
penetrating injury than projectiles of greater caliber. This means that the skin pen-
etration will be generally a critical injury factor in the evaluation of such projectiles.
Conversely, for the projectiles with larger caliber (� 37mm), the skin penetration
is not generally an issue but other injuries are likely to occur like fracture of ribs in
case of thoracic impacts.

The shape is another geometrical factor that has also an influence on the projec-
tile ballistics. The new non-lethal projectile generation has generally a round nose
which gives better penetration in the air improving the retardation factor. It also
has no sharp edge compared to cylindrical-like projectiles (old generation). Projec-
tile with sharp edges increases the likelihood of (skin) penetrating injury. In effort
to reduce permanent injury, another parameter which plays a role in the terminal
effects is the projectile material.

2.4.2.2 Material characteristics

The projectiles may be considered as rigid like the L5 projectile, deformable (like
SIR-X sponge grenade) or can break at the impact (like the FN303 bullet) (Figures
2.5-2.4). They can be made monolithic or composite (made of two or more different
parts). In order to reduce the likelihood of severe injuries, most of the new projectiles
are either made of deformable material or have generally a deformable nose.This
means that a part of the energy is absorbed by the projectile during the impact.
As a consequence, the energy transmitted to the human target is reduced, so is the
likelihood of severe injury.

4the projectile diameter or ’caliber’ is different from the actual caliber of the weapon from which
it is launched although this difference may be slight.
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Figure 2.7. Proportions of projectiles found in the EWG-NLW document in
function of caliber [38, 39]

.

In the perspective of modelling, at least one projectile of each KENLW projectile
types is chosen as reference. A more detailed description is given for each.

2.4.2.3 Brügger&Thomet SIR-X projectile

The Brügger&Thomet SIR-X projectile 5 is a 40 mm sponge grenade made of two
parts which are glued together: a plastic body and a full solid deformable hemi-
spherical nose in foam material (Figure 2.8(a)). It has a nominal diameter of 40
mm, a mass of 32 g and a nominal velocity of 105 m/s. The mass of the nose and
the sabot are 7.2 g and 24.8 g, respectively. This projectile has also been chosen
in the NATO framework as one of the reference projectiles for validation process of
thorax surrogates.

2.4.2.4 CONDOR NT901 projectile

The CONDOR NT901 projectile 6 is a 40 mm sponge grenade similar to the the
SIR-X projectile (Figure 2.8(b)). It is made of two parts which are glued together:
a plastic body and a full solid hemispherical deformable nose in foam material. It
has a nominal diameter of 40 mm, a mass of 27.8 g and a nominal velocity of 105
m/s. The mass of the nose and the sabot are 9.5 g and 18.3 g, respectively. The
nose structure is slightly different from the SIR-X projectile as it has four 5 mm

5For the sake of simplicity, it is called SIR-X projectile in the present thesis
6For the sake of simplicity, it is called CONDOR projectile in the present thesis
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Figure 2.8. 40mm Sponge Grenades.

diameter cylindrical holes in a symmetric pattern with respect to the longitudinal
projectile axis.

2.4.2.5 Nobel Sport (NS) Spartan LE 40 Schock projectile

The NS (Nobel Sport spartan LE 40 schock) projectile For the sake of simplicity, it
is called NS projectile in the present thesis is a 40 mm sponge grenade different from
the SIR-X projectile and the CONDOR projectile although they look like (Figure
2.8(c)). It is made of two parts which are glued together: a plastic body and a
deformable nose in rubber material. It has a nominal diameter of 40 mm, a mass of
41.2 g and a nominal velocity of 92 m/s. The mass of the nose and the sabot are
18.2 g and 23.0 g, respectively. The NS projectile nose has a hollow structure with
a hollow cylindrical column as it is shown in (Figure 2.8(d)).

2.4.2.6 L5 projectile

The L5 cylindrical projectiles, the so-called ’baton projectiles’ are made of non-
compressible polyvinyl chloride (PVC) material. There are two types of projectiles,
a long projectile and a short projectile (Figure2.9). They have a diameter of 37mm
and their masses are 140 g and 30 g respectively. These projectiles are usually
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considered as "rigid" projectiles 7. They belong to the first generation projectiles
and are no longer used. They are important as they were used in Bir’s experiments
[40] to define the biomechanical corridors which serve as validation data for the
thorax model developed in the framework of this thesis.

Figure 2.9. L5 projectiles.

2.4.2.7 RB1FS projectile

The RB1FS is a projectile made EPDM rubber 8 material. It is a mono-material
projectileIts diameter is 18.5 mm and its mass is 6.5 g (Figure 2.10. It has a thin
long piece of wood in the tail. Its nominal velocity is 152 m/s . It is considered as a
reference projectile for the injury penetration study [41, 42]. Although the projectile
is no more available on the market, the interest in the present work is to see how
a small KENLW projectile perform in term of thoracic injury assessment. Another
KENLW small caliber projectile that will be studied is the FN303 projectile.

2.4.2.8 FN303 projectile

The FN303 is a 17.3 mm diameter projectile from FN Herstal designed to break at
impact. It is composed of a semi-round front part filled with bismuth, a rear part

7"Rigid" is taken in a sense that the strains induced in the projectile during impacts are very
small compared to the characteristic dimensions of the projectile that they can be neglected

8EPDM=Ethylene Propylene Diene Monomer rubber
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Figure 2.10. RB1FS projectile.

filled with a liquid (glycol) and a polystyrene disk ensuring a seal between the two
parts and a polystyrene body that contains the three parts (Figure 2.11) [43]. The
projectile mass is 8.5 g, and the average muzzle velocity is 90 m/s.

Figure 2.11. FN303 projectile.
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2.5 Literature review of effects of KENLWs

As previously mentioned, KENLWs , if they are not properly used, may cause serious
injuries. Generally, it is difficult to get reliable information of incidents that occurred
during the use of these weapons except in cases of serious injuries or deaths. One
possible cause is that nobody would like to be arrested if he was for example one
of the rioters or if he found himself in a place where he should not. Therefore,
most information about the use of non-lethal projectiles and their effects on human
body or part of the body are to be found in medical records in hospitals or in related
publications. This information is often about the lesions sustained by the person and
their severity, but most of the time the information is not complete. It is for instance
not always possible to know the type of projectile used, the velocity of the projectile
or the stand-off distance. This section describes few reports and studies that have
been carried out when different KENLWs were used and their corresponding effects
on different human body areas. Some statistics are also given.

2.5.1 Field case reports

In 1992, Ritchie released a report [44] on injuries that were caused by non-lethal
projectiles during public disorder and riot control in Northern Ireland. He collected
data from Belfast hospital on people who sustained injuries from plastic bullets
impacts. He did this over a period of 14 years (1975-1989). In the hospital, 123
patients were treated in the emergency department of which 38 were admitted to
the hospital for further treatment. The author divided injuries into serious and
non-serious injuries. Some injuries were open injuries. Injuries to soft tissues were
considered as non-serious. He found that 41% of people who were hit above to
the diaphragm sustained death or serious injuries. There was one patient who died
from chest serious injury. Table 2.3 gives a summary of the injuries in different body
parts.

Injuries
non-serious serious

Head/jaw (n=29) 17 12
Chest (n=22) 13 9*
Abdomen(n=17) 16 1
Limbs (upper/lower) (n=57) 50 7
Groin (n=1) 1 0

n= number of patients - (*) 1 patient dead

Table 2.3. Injuries sustained by patients during Northern Ireland disturbances.
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Maguire et al. [34] presented a medical review of patients who sustained injuries
caused by the AEP after three episodes of serious civil disturbance in Northern
Ireland from July to September 2005. 14 patients with 18 injuries were identified.
33% of injuries were to the head and neck, 17% of the injuries were to the chest and
the rest was limb injuries. There were no abdominal injuries. AIS (Abbreviated
Injury Score) score [45, 46] was used for the severity of injuries (Table 2.4).

AIS Score
1 2 3 or +

Face/head/neck (n=6) 1 1 4
Thorax (n=3) 2 1
Limbs (upper/lower) (n=9) 8 1

n= number of casualties

Table 2.4. AIS of the injuries sustained by patients.

During the Israeli-Arab conflict that took place in October 2000, non-lethal
projectiles were used namely the RCC-95 bullets and the MA/RA-88 bullets as pre-
viously mentioned. Mahajana et al. [30] processed data of 595 casualties admitted
to the hospitals during the riots. Out of 595 casualties, 201 were proven to be a
result of plastic bullets impacts. He made an analysis of the 201 records based on
different criteria such as the injury type, the injury mechanism (blunt or penetrating
injury), the severity of injury (using AIS score) and the anatomical part of the body
that has been hit and the final outcome.

They found that 61% of injuries were blunt, whereas 39% were penetrating
injuries (Figure 2.12). They categorized the injuries in three levels: mild, moderately
severe and severe 9, 46% injuries were mild, 35% were moderately severe, and 19%
were severe. The impacts were distributed all over the body with 73 to limbs, 61
to the head, neck and face, 39 to the chest, 16 to the back and 12 to the abdomen,
but the injuries to the limb were the less severe (Table 2.5). Three people died
of their injuries, two being a result of severe ocular injury and a third died of
complications after knee surgery for a severe rubber bullet injury. The authors
could not always identify for superficial injuries what type of bullet has hit the
person. For most people with moderate injuries and people with serious injuries, it
could be established that they were hit by the RCC-95 bullets.

Out of 39 injuries to the chest, about half were blunt (Table 2.6). Generally,
lacerations and contusions were inflicted. There were also cases of rib fractures and
lung contusions without penetration. Some cases of pneumothorax and haemothorax
due the penetrating injuries were monitored but without rib fracture. Table 2.5
shows the records of injuries due to rubber bullets.

9According to the author of this thesis and following the definition of KENLW, only mild injuries
are therefore acceptable.
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Figure 2.12. Injury repartition (Penetrating injuries are shown in brackets)
[30].

Type of injury AIS (Severityof injury)
Blunt Penetrating 1

(Mild)
2

(Moderate)
3 or +

(Severe)
Face/head/neck (n=61) 33 28 21 21 19+2*
Thorax (n=39) 18 21 10 13 16
Abdomen (n=12) 10 2 4 5 3
Back (n=16) 16 0 9 7 0
Limbs (n=73) 47 24 49 24 1*

n= number of casualties - (*) Patient(s) died of the injury.

Table 2.5. Injuries caused by rubber bullets [30].

Type of injury Severity
Blunt Penetrating Mild Moderate Severe

Type of chest injury (n=39)
Superficial laceration/ contusion of
chest wall

18 0 10 8 0

Rib fractures and contusion of lung 0 8 0 2 6
Pneumothorax 0 6 0 2 4
Haemothorax 0 4 0 1 3
Contusion of heart 0 1 0 0 1
Pericardial tamponade 0 1 0 0 1
Tear of subclavian artery 0 1 0 0 1

Table 2.6. Blunt injuries to the chest [30].

From the above reports, the head (included the face and the neck) sustained
more casualties than the other parts of the body and most of times the injuries were
severe. Now let us look to the NIJ (National Institute of Justice) report [28]. This
report is interesting in the sense that unlike the previous ones coming from military
operations, it does come from law enforcement.
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Ken Hubbs and David Klinger [28] of the NIJ delivered in 2004, a report on
casualties that occurred between 1985 and 2000 in different situations where the
police intervened. Different types of munitions were used: the beanbag round, the
far most used projectile (65%), the 37 mm plastic bullet (28%) and other types
(27%). The majority of the impacts concerned the abdomen (35%) and the thorax
(19%). Only 2% concerned the head.There were 8 deaths whose six were fired at
less than 10 m. Among the 8 deaths, 5 died as a result of the impact in the chest.

Injury Sustained
Area hit Bruise AbrasionLaceration FracturePenetration Death None Total
Abdomen 158 62 8 9 2 — 14 254
Chest 69 49 3 6 6 5 7 146
Back 46 29 2 1 — — 6 84
Groin 4 — — — — — 2 6
Leg 56 33 11 — 3 — 10 113
Arm 42 48 11 6 1 — 7 115
Buttocks 15 11 — — — — 1 27
Head 3 2 7 5 2 — — 19
Neck 1 3 1 —- — 1 — 5
Total 394 237 43 27 14 6 43 768

Table 2.7. Cross-classification of area struck and injury sustained for 768 mu-
nitions Impacts [28].

Injury Sustained
Distance Bruise AbrasionLacerationFracture PenetrationDeath None Total
Below 3 m 23 13 1 5 — 1 8 51
3.0-5.8 m 124 61 13 8 6 1 10 224
6.1-8.8 m 81 61 14 4 2 4 7 171
9.1-11.9 m 56 48 4 6 4 — 13 131
12.2-14.9 m 25 11 1 1 — — 5 43
15.2 m plus 24 3 3 2 2 — — 34
Total 333 197 36 26 14 6 43 655

Table 2.8. Cross-classification of distance and Injury for 655 munitions im-
pacts [28].

They found that:

• The most affected body areas were the abdomen and the thorax (Table 2.7).
This seems normal from the point of view of the author as American police
officers are trained to aim at the "center of mass" of an individual as we already
mentioned.

• Impacts to the head tend to produce a greater proportion of serious injuries
than impacts to any other area of the body.
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• Most of the fatal outcomes (deaths) resulted from the thoracic impacts.

• One of the crucial issues in impact munitions concerns the relationship between
the distance at which projectiles are fired and the degree of injury that subjects
sustained (Table 2.8). The less is the distance to the target, the more is the
likelihood of severe injuries.

2.5.2 Conclusions

From the literature review, some conclusions can be drawn.

• There are two types of injuries: the blunt and the penetrating injuries. Pen-
etrating injuries are related to skin penetration, kind of injuries also found in
the use of conventional firearms with the same risks. They can be serious,
even fatal. This subject will not be covered in the present work [2].

• At the one hand, blunt injuries are characterised by superficial injuries to
the skin and subcutaneous tissues like bruising, abrasion, lacerations. They
are generally mild injuries. On the other hand, especially for thoracic impacts,
deeper injuries like rib fractures and internal severe lesions ( pneumothorax,...)
can occur. They can even be fatal. This is therefore a crucial area of study.

• The head is the body part that is the most sensible and vulnerable to the
KENLW impacts especially the face, the second part being the thorax (chest).
The head injuries will not be covered here. The interested reader can refer to
[3]. The thorax will be our focus as it is the body "centre of mass" and the
main targeted area of the body.

• The information on the incidents is generally lacking or incomplete in most of
the reports because of the difficulty to gather such data. Generally there is no
record of the conditions of use, the bullet velocity or the stand-off distance.
Nevertheless this information is relevant for the KENLW evaluation.

• All the reports currently focus on the injuries resulting from KENL projectiles
impacts as safety is the primary concern. Little emphasis is placed on the
effectiveness. In fact, the effectiveness is linked to the desired outcome of an
event or situation - in the KENLW case, a human behaviour change such as
compliance [47]. The desired effects of KENLW are inflicting to the human
target a sharp pain for its neutralization. The question is then what is the
minimal dose of pain that will provide the highest probability of compliance?
This subject will not be investigated in the present work.
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2.6 Goal of the thesis

2.6 Goal of the thesis

The purpose of this thesis is to develop numerical tools for thoracic impacts assess-
ment of KENLW in order to predict the injury risk associated to their use.

In the light of the review of the reported cases in the literature, the use of
KENLW is not without risk. During blunt impacts, the body can sustain mild
injuries but sometimes severe injuries that need urgent treatment. Even, fatal injury
can occur. The type of injury and its severity depend on the impact zone of the
body. Two zones are generally identified as the most critical: the head and the
thorax.

A work has been carried out three years ago in order to propose a method of
experimental assessment for studying the injury potential of thoracic impacts and
the phenomenon of skin penetration by kinetic energy non-lethal projectiles [2]. But
the skin penetration is out of the scope of this thesis. Alongside this work, a research
was initiated for the development of numerical tools for the evaluation of thoracic
impacts of KENLW. This PhD thesis is the result of the research.

Although both the experimental and the numerical tools offer the possibility to
circumvent the use of PMHS and animal testings for different reasons ethical, techi-
nal or legal... numerical tools have many advantages compared to the experimental
ones:

• The capability of accounting for complex geometries or complex material mod-
elling;

• Its cost-effectiveness;

• It gives insight into local values of physical variables (stresses, strains,...) inside
the material which are not accessible by other means;

• It allows parameter sensitivity study;

• it allows scaling techniques;

• It allows more detailed analysis at global and local levels...

In practice, the ultimate goal is to provide a help to deciders in charge of non-
lethal weapon procurement with technical information so they can choose the best
product (weapon system or projectile) available on the market; to give relevant in-
formation to the manufacturers in either developing new projectiles or improving
the existing ones, and finally to the end-users (military or police forces) of these
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weapons, information on operational distance of engagement (minimal and maxi-
mal).

The question is then "how to assess the injury potential of a KENL projectile
impact to the thorax and determine the corresponding effective range ?". In order
to assess the effects of the impacts of kinetic energy non-lethal projectiles on the
thorax, the idea is to come out for a given configuration with a decision about the
lethality of the a given KENLW (dangerous or not). Once the thorax model as
well as the projectile model has been validated, numerical impact is carried out and
results are processed (Figure 4.12). Based on the output of the model and injury
criterion corresponding to a specific type of injury, decision can be made about the
projectile lethality and minimal distance of engagement can be determined thanks
to the projectile retardation relation. When the information about the KENLW
dispersion is available, maximum distance of engagement can also be determined.
Both the minimal and the maximal distance will define the effective distance.

Figure 2.13. Method for KENLW assessment.

2.7 Original contribution of this thesis

The first contribution is the development of numerical tool for injury risk assessment
of the impact of KENL projectiles on thorax. Its validation is based on the WSU
studies and the viscous criterion (V C)

max

. The proposed method is applicable to
all types of KENL projectiles. It offers the possibility of investigating other injury
criteria. The viscous criterion defined for stiff projectiles is extended to deformable
projectiles and other types of projectiles. A thorax finite element model has been
developed for the purpose.

A second contribution is the development of KENL projectiles FE models. Six
KENL projectiles with different geometrical and material characteristics have been
modelled.

Another contribution is the development of a characterisation method for de-
formable projectiles like the 40 mm sponge grenades. Only the deformable nose is
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concerned by this characterisation. This method has an advantage of characterising
the nose material and at the same time the validation of the projectile is achieved.

Finally, in the framework of the participation of the Belgium to the NATO
group on non-lethal capabilities, the results provided herein are valuable source.
This can be a major contribution to the process of using numerical method as a tool
of assessment of kinetic energy non-lethal projectiles impact at NATO level.
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Chapter 3

State of the Art

In Chapter II, the concept of KENLW non-lethal weapons was introduced, the em-
ployment and usefulness, and their effects on the thorax. The development of as-
sessment tools requires a better understanding of the thorax, how it reacts to an
external stimulus e.g. KENLW impact, the occurrence of injury and the underlying
injury mechanisms, the types of injuries and their severity. Therefore, in this chap-
ter, firstly, a description of the anatomical structure of the thorax is given, secondly
an introduction to the thorax injury biomechanics is given. Notions of injury cri-
teria, injury risk curve are presented. Thirdly, for the KENLW evaluation and the
injury risk assessment, physical and computational models have been developed. A
literature review of these models for KENLW impact evaluation is made and finally
conclusions are exposed.

3.1 Thorax anatomy

To better understand the injury mechanisms that trigger the onset of injuries, the
knowledge of the anatomy of the thorax is necessary. The thorax is the part of the
body that lies between the neck and the abdomen [48–50]. It is separated from the
abdomen by the diaphragm. It consists of different organs that can be separated
into two main groups (Figures 3.1-3.2):

• The thorax (chest) wall, an outer protective group composed of a skeletal
structure made of the sternum, 12 paired ribs, the spine and a soft tissue
group made of the costal cartilages, intercostal muscles (tissues between ribs),
the flesh and the skin... The cartilages are dense connective tissues linking
each rib to the sternum. On each side, the first 7 ribs (called the true ribs)
are attached on their anterior side to the sternum via the costal cartilages, the
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8th to 10th ribs called the false ribs are attached to the costal cartilage of the
7th rib and two remaining ribs (11th to 12th) are called floating ribs. All the
ribs are attached on their posterior side to the thoracic vertebrae column. The
vertebrae column is made of individual bones called vertebrae separated by
spinal discs acting as a shock absorber, of muscles and highly sensitive nerves.
It supports the body and holds the cervical spine.

• The internal structure consisting of vital organs: the lungs essential for respi-
ration allows gas exchange. It is filled partially with air and blood. - the heart,
which is a large muscle which acts like a pump distributing blood throughout
the body - and various intrathoracic vessels, of different sizes in the thoracic
region through which flow fluids or substances (blood, air, ... ) to/from the
major organs. The main vessels are the aorta, the venae cavae , the pulmonary
veins/arteries, the trachea, ... The space in the thoracic cavity between organs
are filled with fluid.

Each tissue or organ has its own biomechanical properties and its own shape.
Due to external forces, it will react through injury mechanisms in its own way
resulting in injuries which are typical to the organ. Therefore the biomechanical
response of the thorax to the impact of projectiles is complex and depends of many
parameters: the characteristics of each organ, the characteristics of the projectile
and the mutual interactions between organs or with the projectile. Depending of
the affected organ and the severity of the impact, the thoracic injury can be life
threatening.

(a) (b)Figure 3.1. Thoracic cage and internal organs [51–53].
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Figure 3.2. Thorax structure. Adapted from [54].

3.2 Thorax injury biomechanics

As the thorax is housing vital organs (heart, lungs,...) of the body, it should not
be strained, if subjected to an impact, beyond the thorax tolerance limits otherwise
injuries even severe may result. Therefore an injury is a result of the organ being
strained beyond its tolerance limit. In the normal conditions of use of KENLW, non-
lethal ballistic impacts are non-penetrating impacts that generally are the cause of
blunt trauma. The same types of injuries are often found in the rear effects of
personal ballistic protection (BABT (Behind Armour Blunt Trauma)) [55], in sport
injuries and in motor vehicle accidents. As already stated, some types of injury are
not acceptable in the KENLW framework.

Much research has been carried out for decades in the automotive field (crash
tests) to improve the safety of passengers during accidents. A high expertise in un-
derstanding the injury mechanisms, proposing injury criteria and defining tolerance
levels through years has been developed. Testing protocols were put in place and a
lot of data were collected through testings and accident reconstructions for injury
risk analysis.

To a certain extent, there is a similarity between the induced injuries and the
underlying mechanisms in the automotive field and the non-lethal field that was
developed much latter, many concepts and knowledge have been borrowed from
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crash tests field specifically. Nevertheless, there are certain differences. Non-lethal
impacts are characterised by low mass and high velocity impacts and the phenomena
are more localized while the impacts (accidents) in automotive field are high mass
and low velocity impacts and phenomena are more global (Figure 3.3).

Figure 3.3. Comparison of a non-lethal impact and an impact resulting from a
car crash [40].

The impact of non-lethal projectiles against the thorax induces a reaction or a
response in terms of deformation which generally can lead to thoracic injury. There
are two important considerations that must be taken into account for the evalua-
tion and prediction of risk of injuries, injury mechanisms and thorax biomechanical
response:

3.2.1 Injury mechanisms

Ballistic impacts on the human body may result in the alteration or the damage
of tissues/organs and in physiological dysfunctions. The mechanisms or physical
processes related to the occurrence of injury are called injury mechanisms. The
main injury mechanisms involved during blunt impacts [56] as depicted in Figure
3.4 are:

- The crush & shear mechanism: it consists of the crushing and the shearing of
the tissues and organs by a direct compression of the thorax wall during the impact
[56, 57]. This mechanism is induced at low thorax deflection rates ( 3m/s). The
biomechanical response in this case is generally an elastic resistive response of tissues
and organs. When strained beyond the elastic limit of the tissues, injury will result.

34



3.2 Thorax injury biomechanics

Figure 3.4. Injury mechanisms and the corresponding domain of validity: com-
pression as a function of the velocity of deformation. 1 [56].

- The viscous mechanism resulting from the viscous properties of tissues and
organs. It is induced at high loading rates (3m/s  v � 30m/s). It is characterised
by the propagation of pressure waves and the reflection of those waves at the in-
terfaces of organs or of cell walls can lead to internal damage before any significant
deflection of the outer structure [56, 57]. The internal damage can occur in both
solid and air filled organs like the lungs.

For velocities higher than 30 m/s, it is the "blast injury" mechanism which
becomes dominant and shock waves play an important role [56]. The blast injury
begins to occur first in hollow organs like the lungs.

The biomechanical response of the human body to blunt trauma is generally a
consequence of the activation of different injury mechanisms.

3.2.2 Thorax biomechanical response

The biomechanical response of the thorax to blunt trauma can be seen in two per-
spectives (Figure 3.5): the lesional (or medical) perspective and the engineering
perspective. The lesional perspective is more a matter of medical doctors for the
trauma diagnosis and the administration of trauma care while the engineering per-
spective is about the application of the laws of physics in the trauma problematic.
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Figure 3.5. Injury response scheme.

3.2.2.1 Lesional (or medical) perspective of thoracic biomechanical re-
sponse

In this section, different types of injuries sustained by the thorax will be described
and the notions of severity score will be introduced.
a) Types of injuries

One distinguishes the type of injuries according to whether they occur in the
chest wall or in the internal organs [58]:

• The parietal injuries: These are bone injuries or soft tissue injuries of the chest
wall resulting from direct contact with the impacting object or when they occur
at the impact location or at its immediate vicinity. The mechanism associated
is the crush & shear injury. They manifest themselves in several ways.

- The superficial injuries (or bruises) on the skin and subcutaneous tissues.
They include different types of injuries [57–59]: abrasion (friction with epider-
mal stripping), bruise (hemorrhagic infiltration), hematoma (circumscribed
collection of blood caused by a break in a blood vessel) and laceration (open
injury). In Figure 3.6 is shown an example of injuries from rubber bullet
impacts.

- Rib fractures concern the fracture of one or more ribs. Depending on the num-
ber and their location, rib fractures are considered minor or life-threatening.
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Figure 3.6. Examples of injuries from rubber bullet impacts[60, 61].

If the trauma is very important, flail chest (fracture of several ribs) can occur
which is generally life threatening. Rib fractures are the most common injury
following chest trauma [59].

• The internal organs injuries:

These are injuries of the internal organs of the thorax [57–59]. They are
indirect injuries as they do generally occur far from the impact location (Figure
3.7). The cause of these injuries is due either to the pressure waves or to a
significant compression of the rib cage during impact or to the fracture of the
ribs.

Figure 3.7. Possible soft tissue thoracic injuries [46].

They include:
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- Lung injuries

There are different types of lung injuries: the pulmonary contusions, the pneu-
mothotax which is the presence of air in the pleural cavity (cavity between the
lung and chest wall) and the hemothorax which is the effusion of blood in the
pleural cavity.
- Heart injuries

The principal heart injury is the cardiac contusion which can range from mild
to severe. On the functional level, cardiovascular disorders may occur which
can even be fatal. An example of such disorder is the commotio cordis. It is a
cardiac arrest by ventricular fibrillation after a thoracic blow and without any
underlying cardiac abnormality [57, 62].

- Injuries of the intrathoracic vessels concern mostly the rupture or the lacera-
tions of the thoracic vessels.

It should be noted that the risk of internal injuries is greater when there are rib
fractures. It is the reason that the main injury that is investigated for thoracic injury
risk assessment is the rib fracture as we will see it in the section 3.2.4. However, in
certain cases, even without rib fracture or other apparent injuries on the chest wall,
internal injuries can occur.

b) Severity of injuries

The type and severity of an injury from blunt impacts depend upon the impacted
region of the body and can be mild, severe or life-threatening. To use a universal
common language when it comes to trauma injuries, injury coding systems were
developed and the most well-known coding system is the Abbreviated Injury Scale
(AIS) that was originally developed for use in automobile accident studies.

The Abbreviated Injury Scale (AIS)

The Abbreviated Injury Scale is an anatomical scoring system which describes
the injury in terms of the type of injury and its relative severity according to the body
region and the type of anatomical structure. This scale assesses tissue damage and
threat to life on a six division ordinal scale running from minor, moderate, serious,
severe, critical, to currently untreatable (usually fatal). It is now used universally in
clinical and research studies as an agreed ranking of the severity of trauma [45]. The
same scale is also adopted in the non-lethal field and Table 3.1 shows an example of
this scale for the thorax injuries, adapted in accordance with [46, 57].
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AIS
score

Severity Corresponding fracture Injury of tissues

1 Minor 1 Rib fracture Bronchial tube contusion

2 Moderate
2-3 rib fractures
Breastbone fracture

Partial bronchial tube rup-
ture

3 Severe non-life threat

More than 4 shoulder blade
fracture
2-3 costal fracture et hemo-
/pneumothorax

Lung bruise
Minor heart bruise

4 Severe life threat

Flail chest
>4 rib fractures (bilateral
fracture)
>4 rib fractures +
hemo/pneumothorax

Bilateral lung lacerations
Minor aorta laceration
Major heart contusion

5 Critical Bilateral thoracic flail
Major aorta laceration
Lung laceration with pneu-
mothorax

6 Maximal Aorta laceration with massive
hemorrhage

Table 3.1. Abbreviated Injury Scale (AIS) applied to the thorax [46, 57].

3.2.2.2 Engineering perspective of thoracic biomechanical response

Knowing that KENLW projectile impacts can lead to serious injuries, it is necessary
to guarantee that their use will result, if not in zero-risk, but at least in a defined or
a mitigated risk. This requires a better understanding of the physical processes that
occurs during impacts in order to develop criteria that will allow the manufacturers
to design, the procurement authorities to purchase and the end-users to use less-
lethal ammunitions with a reasonable level of confidence.

Each region of the body (the thorax in our case) can be considered as a mechani-
cal system to which the laws of physics apply. Under (dynamic) loadings, the thorax
as a system will react such that the energy from the impacting objet is absorbed
through reversible processes (elastic deformation) and through irreversible processes
(injuries for example). The initial kinetic energy of the projectile is given by

E
proj

=
mv2

2
(3.1)

• m [kg] is the projectile mass;

• v [m/s] is the initial projectile velocity

Upon the impact, this energy is absorbed by elastic deformation or dissipated by
the thorax through the activation of injury mechanisms. The energy absorbed/dissipated
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by the thorax during the activation of the two main injury mechanisms can be cal-
culated [63, 64]:

By assuming a uniaxial problem and a linear viscoelastic behaviour, the energy
density can be approximated.

For v  3m/s, the thorax behaviour can be assumed as linear elastic. It cor-
responds to the crushing of the thorax (Figure 3.4) at very low rate (quasi-static
deformation).

The energy density absorbed E
crush

[J] by the tissues/organ before the onset of
the injury, corresponding to the elastic strain energy is given by:

E
crush/shear

=

Z

"

max

0

� d" =

Z
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2
(3.2)

with
� = E✏ (3.3)

where

• � [Pa] is the average stress on the impact surface, in the direction of the
impact.

• " = c/c0 [-] is the average strain in the direction of the impact; c is the
displacement of the point of impact and c0 the initial thoracic thickness c0,
assuming that there is no displacement of the rear of the chest. It corresponds
to the strain before the onset of injury.

• E [Pa] is the average Young’s modulus for the thorax at the point considered
and in the direction of impact.

The energy density absorbed by the tissue/organ is directly proportional to the
square of the maximum strain.

For 3m/s  v � 30m/s, the injury mechanism is the viscous response (Figure
3.4) and the behaviour of the thorax is assumed as linear viscoelastic. The injury
in the organs occurs at the time of peak viscous response well before the maximum
deflection [65]. The energy density dissipated E

viscous

[Pa] by the tissues/organ
during the "viscous mechanism", before the onset on the injury can be approximated
by:
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with

⌧ = ⌘"̇ (3.5)

• ⌧ [Pa] is the average shear stress;

• "̇ = v/c0 is the average impact surface strain rate, in the direction of the
impact; v is the average velocity at the point of impact and c0 is the initial
thoracic thickness c0, assuming that there is no displacement of the rear of the
thorax. This is only an approximation.

• ⌘ is the average dynamic viscosity of the thorax at the point considered and
in the direction of impact.

The first term of Equation 3.4 which characterizes the viscous resistance of
tissues. The second term corresponds to the tissue inertia. If the second term is
neglected compared to the first term, then one can write [2]:

E
viscous

⇡ ⌘ [""̇]t"max

0 (3.6)

Under this approximation, the energy dissipated by the tissues/organ and the
"viscous response" are closely linked.

To stop the projectile, the thorax has to react by applying a resistive force over
a period of time. Each tissue has its own tolerance threshold and to avoid the onset
of injuries, the force must be kept under this threshold. From the Newton’s second
law in its integral form applied to the projectile, one can write (Equation 3.7). As
stated by Lu et al. [66], "the peak reaction force of an energy absorber should be kept
below a threshold; and ideally the reaction force should remain constant during the
large deformation process of the energy absorbing structure". This gives a clue for
the development of KENLW projectiles as the only variables that can be controlled
in advance of impact on a human by KENL projectile are the projectile properties
[67].

�~p = m~̇x(t
f

)�m~̇x(t
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) =

Z

t

f
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i

~F
p

(t)dt (3.7)

and, by action and reaction
~F
p

(t) = � ~F
h

(t) (3.8)

• �~p [Kgm/s] is the change in momentum.
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• m is the mass of the projectile, assumed to be constant during the impact.

• ~̇x(t
i

) is the velocity vector of the projectile’s centre of gravity as a function of
time prior the impact.

• ~̇x(t
f

) is the velocity vector of the projectile’s centre of gravity as a function of
time after the impact.

• ~F
p

(t)[N] is the force acting on the projectile as a function of time during the
impact. It is the contact forces between the projectile and the thorax and

• ~F
h

(t) [N] is the force acting on the thorax during the impact.

From the above considerations, the force developed during the impact on the
thorax before the onset of injury (damage of tissues) is a result of viscous, elastic,
and inertial factors [68] which can be written in a classic form (Equation 3.9) when
considering the thorax as a mechanical system with damping in one dimension.

~F (t) = K~x(t) + C~̇x(t) +m~̈x(t) (3.9)

• ~x(t) is the displacement vector of the thorax impact point as a function of
time, ~̇x(t), the corresponding velocity and ~̈x(t) the corresponding acceleration.

• K is the elastic spring constant, C is the viscous damping coefficient and m is
is the average effective mass.

• ~F (t) is the force acting on the thorax during the impact.

When taking into account what has been stated previously, apart from the ma-
terial and geometrical characteristics of the thorax and the projectile (see Chapters
V&VI), four important physical parameters play a key role in the occurrence of the
injuries and in their evaluations:

• The part of the projectile kinetic energy absorbed by the thorax

• The projectile momentum change (before and after impact)

• The effective cross-section impact area

• The impact duration

42



3.2 Thorax injury biomechanics

The determination of human tolerance threshold requires dynamic loading test-
ings ideally on living humans. For evident reasons, tests are performed on PMHS
and animals although they probably have not the same characteristics as the living
humans. Their disadvantage is the lack of repeatability and reproducibility. There-
fore, the data collected from PMHS and animals are used as baseline data for the
development of injury criteria and for validation purpose of the mechanical and vir-
tual surrogates. These surrogates are more convenient to use for testing purposes
because of their repeatability and reproducibility.

On the one hand, it is necessary to determine the measurable physical parame-
ters relevant to quantify the loading and the mechanical response. The measurable
physical parameters can be impact force, displacement... On the other hand, it is
necessary to measure and collect experimental data from testings or/and real life
situations on these physical parameters. The statistical analysis of these data is
not only used to quantify the injuries on the chest, to find the best parameter pre-
dictor and the related probabilities for the occurrence of injuries, but also to built
biomechanical corridors (section 3.2.4).

In fact, due to the difference in material and geometrical characteristics of the
tested subjects (population), there are also differences in biomechanical response for
the same impact conditions. To take this into account, biomechanical corridors are
determined in order to validate physical and virtual surrogates.

The engineering perspective deals with data (quantification) and functions while
the lesional perspective deals with injuries, damage to tissues. Therefore, to bridge
the two perspectives, injury criteria are defined (Figure 3.5).

3.2.3 Thoracic injury criterion

3.2.3.1 Definition

An "injury criterion" is defined as a "physical parameter or a function of several
physical parameters which correlates well with the injury severity of the body region
under consideration" [69]. Under the same conditions of impact, people do not have
exactly the same biomechanical response i.e will not sustain the same injury or at the
same severity level due to factors like age, gender, anthropometric data, ... Because
of this variability among people, injury criterion is defined in terms of probability.
An injury criterion indicates therefore the probability of sustaining injury at a given
AIS level. Different probabilistic functions (or injury risk curves) are used. One of
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the most used is the logistic regression function given by the Equation 3.10.

p(x) =
1

1 + e�↵��.x

(3.10)

Where x is the predictor variable (discrete or continuous), p(x) the corresponding
probability of sustaining an injury of a given AIS level , ↵ and � are parameters
derived from statistical analyses of biomechanical tests. One key value of the injury

Figure 3.8. Injury risk curve.

criterion is the injury tolerance (called also tolerance limit or tolerance threshold).

The "injury tolerance" of a bodily region or organ is defined as the "magnitude
of loading indicated by the threshold of the injury criterion, which produces a specific
type of injury severity and risk". In other words, the injury tolerance level is the
value of a known injury criterion which makes it possible to distinguish a non-
traumatic from a traumatic event with a given statistical probability [2, 37, 57, 69].

By analogy to the ballistic limit V50
2 [70] or LD50

3 the lethal dose fifty in
epidemiology and toxicology [26], a reference value defined as the statistical estimate
of the injury criterion corresponding to a probability of 50% which discriminates a
traumatic from a non-traumatic event is determined. Generally it is a specific point
of the injury risk curve where the uncertainty is minimal [2, 71, 72]. One has to

2The ballistic limit V50 is the velocity of the projectile corresponding to a probability of 0.5
(50%) that the defined projectile penetrates the test specimen.

3Lethal dose fifty (LD50): A calculated dose of a substance which is expected to cause the
death of 50 percent of an entire defined experimental animal population. It is determined from the
exposure to the substance by any route other than inhalation.
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note that other choices are possible like the injury tolerance corresponding to a
probability of 10% but the uncertainty would be more important.

As previously mentioned, much of the knowledge in non-lethal blunt trauma
comes from the automotive field where diverse injury criteria have been investigated
and developed. Even though there are similarities between the two fields, only very
few criteria have been adapted for non-lethal field.

3.2.3.2 Blunt criterion

It is a semi-empirical relation based on the projectile kinetic energy, the projectile
diameter and the target size which correlates well with the observed injuries. It is
given by

BC = ln

✓

mv2

2W 1/3TD

◆

(3.11)

where

• m [kg] is the mass of the projectile.

• v [m/s] is the velocity of the projectile.

• W [kg] is the mass of the target.

• T [cm] is the thickness of the target’s deformable wall.

• D [cm] is the diameter of the projectile.

The Blunt Criterion (BC) was developed by the US Army in 1970 for predicting
the injury risk from thoracic blunt impacts using stiff flat-nose cylinders [73]. The
(BC) has been historically used as a munition design criterion [74]. Later, Bir et
al. [7] validated the criterion for thoracic impacts using stiff non-lethal projectiles.
A value of BC = 0.37 m/s, is taken as the reference value corresponding to a 50 %
probability of sustaining skeletal thoracic injury (rib facture) of AIS>1.

The problem with this criterion is that it does not take into account the material
properties of the projectile as well as the target material properties. According to
this criterion, a compliant or deformable projectile and a stiff projectile will have
the same effect on the target as long as they have both the same initial energy and
the same diameter. In reality, during the impact, the deformable projectile will
behave differently from the stiff projectile in term of energy absorption, effective
impact diameter,... thus the dynamics are different, so are they in term of injury.
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Therefore this criterion is not suitable for deformable projectiles [22, 75–77] and will
be disregarded from this point on.

3.2.3.3 Viscous criterion

The viscous criterion is one of the criteria developed for thoracic impact risk as-
sessment especially in automobile field. It is based on the dynamic deflection of the
thorax and is determined thanks to the viscous response (Equation 3.12) which is
the product of the thorax deflection (compression) and the thorax deflection rate
normalized by the thorax thickness. The viscous criterion (V C)

max

(Equation 3.13)
is defined thus as the maximum of thorax viscous response (Figure 3.9). More details
can be found in the literature [7, 78–80].

This criterion was proposed for non-lethal (rigid) projectiles evaluation in [7] af-
ter experimental tests carried out on PMHS. The type of injury that was investigated
for the determination of this criterion was the rib fracture. A value of (V C)

max

=
0.8 m/s, was determined as the reference value corresponding to a 50 % probability
of sustaining skeletal thoracic injury (rib facture) of AIS>1 [7].

V iscous response = (v(t).C(t)) (3.12)

The "Viscous Criterion" (V C)
max

is given by:

(V C)
max

= (v(t).C(t))
max

(3.13)

where the average compression C(t) is expressed as the ratio between the average
displacement of the impacted region c(t) [m] and the length c0 = 0.236m [m] is the
initial thickness of the thorax. It is assumed that the thorax rear point does not
move during the impact. This can be explained by the localised characteristics of
the KENLW impacts.

One has to point out that the viscous criterion was proposed and adapted by C.
Bir on PMHS using stiff projectiles [7]. But there is no consensus on the relevance
of the criterion for deformable KENL projectiles. Some progress has been made in
the NATO framework where a group of experts namely NLKE ToE4 meet twice a
year for information exchange and for defining non-lethal standardisation methods.
A draft about this issue is under acceptation procedure [5] and use (V C)

max

as a
injury criterion for thoracic impacts.

4Non-Lethal Kinetic Energy Team of Experts
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Figure 3.9. Representation of the viscous mechanism and calculation of the
injury criterion[2].

3.2.4 Blunt thoracic impacts - WSU experiments

As the tests of KENLW projectile impacts on living humans are not feasible for risk
of severe injury, the development of "biofidelic surrogates" 5 mechanical or numer-
ical is of major importance. They offer a great advantage of repeatability and the
benefit to circumvent the use of PMHS and animals testings. PMHS and animals
pose the same problem of repeatability and reproducibility as living humans. Never-
theless they are used as substitutes for injury analysis being the closest to the living
humans, anatomically and anthropometrically for the former and physiologically for
the latter. Therefore, tests on PMHS and animals are still necessary because they
provide the baseline data for investigating injuries, developing injury criteria and
tolerance levels, and for validating the surrogates.

Today there are few PMHS tests on KENLW projectiles available in the open
literature. A reference work in the open literature is the one performed by Bir at
the WSU [7]. The results from WSU constitute therefore the core of the present
work. In the following section, a description of the WSU experiments is given.

3.2.4.1 WSU experiments

Bir performed tests of non-lethal projectiles on PMHS at WSU. The purpose was
twofold:

5A biofidelic surrogate is a device or a model which mimics the biomechanical response of the
human body or a body part under a given stimulus.
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• Define biomechanical corridors and injury criteria which will serve as baseline
data for validation of the surrogate and injury investigation;

• Build a biofidelic surrogate i.e. surrogate validated according to biomechanical
corridors for KENLW assessment purpose.

The tests consisted in shooting rigid non-lethal cylindrical projectiles on 13 PMHS.
Three impact conditions were considered by using two types of 37mm diameter
projectiles:

• Condition A corresponding to the impact of the projectile with a length of
100 mm and a mass of 140 g at a velocity of 20 m/s.

• Condition B similar to condition A but with a velocity of 40 m/s.

• Condition C corresponding to a projectile with a length of 28.5 mm and a
mass of 30 g at a velocity of 60 m/s.

These projectiles were equipped with an accelerometer from which the force as
function of the time was derived and a high speed camera was used to track the
thorax displacement at the point of impact.

The only injury that were investigated during these tests was the rib fracture.

It is worth noting that these types of projectiles are the first generation projec-
tiles and they are no longer in use. Now they have been replaced by new generation
projectiles which are mostly deformable ones.

3.2.4.2 Determination of biomechanical corridors

From the results of measurements, force-time and displacement-time curves were de-
termined. But, due to the difference in the tested specimen characteristics, there was
a variability in the biomechanical responses under the same conditions. Therefore
to take into account this variability, biomechanical response corridors were defined
(Figure 3.10-3.11). The other results are given in Annex A. These characteristics
which take into account the dynamics of the impact (forces and motions) are im-
portant for the development of biofidelic surrogates as they are used for validation
purposes. But some inconsistencies [81] were found in the force-time data presented
by Bir as discussed by Robbe [2]:

• Energy issue: If an energy or momentum assessment is carried out on these
force-displacement curves, energy values are obtained which are not constant
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from one firing to the other. These values do not correspond to the kinetic
energy supplied by the projectile. These considerations are spelled out in ref-
erences [81, 82].

• Data processing issue: Certain metrological data are incomplete, such as the
description of filters that were used and the exact mass and velocity data for
the instrumented projectiles.

Figure 3.10. Impact force on a PMHS thorax as a function of time for impact
condition A [7].

Because of these inconsistencies, there is more confidence in the displacement-
time data than in the force-time data. Therefore only displacement-time data will
be used for the validation of the numerical model. For a surrogate to be considered
as validated, its displacement-time responses shall fall within the corridors defined
for the considered impact velocities. Table 3.2 gives the corridor coordinates for the
3 impact conditions.

3.2.4.3 Determination of viscous criterion (V C)
max

The biomechanical corridors although important was not sufficient in order to dis-
criminate the occurrence or non-occurrence of injuries. Other physical parameters or
their combination were considered. It was found that the viscous criterion correlated
well with the observed injury of a given AIS. Therefore for each test corresponds
also a (V C)

max

. Taking into account the variability of the biomechanical responses
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Figure 3.11. PMHS thorax displacement as a function of time for impact con-
dition A [7].

of all the tested specimen [7], intervals of (V C)
max

(Table 3.3) were defined. In these
intervals, the calculated values from the surrogate should fall in to be considered as
validated for the same impact conditions (section 3.2.4.2). For injury occurrence, a
value threshold of (V C)

max

= 0.8 m/s, was determined as the tolerance level corre-
sponding to a 50 % probability of sustaining skeletal thoracic injury (rib facture) of
AIS>1 [7].

Impact
condition

Time
Corridor
min [ms]

Displacement
corridor

min [mm]

Time
Corridor
max [ms]

Displacement
corridor max

[mm]

case A

0 0 0 0
2 12 0.5 10
5 18 2.3 20
- - 5 26

case B
0 0 0 0
2 20 1 40
8 38 6 70

case C
0 0 0 0
1 5 0.5 12.5
8 12 8 38

Table 3.2. Numerical values of the WSU corridors (adapted from [7]).
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Impact condition (V C)
max

Boundaries [m/s]
condition A [0.24-0.51]
condition B [0.65-2.35]
condition C [0.14-0.60]

Table 3.3. (V C)
max

boundaries for the thorax validation based on WSU data
(adapted from [7]).

3.2.4.4 Development of a surrogate for non-lethal thoracic impacts

Bir [7] developed during her dissertation a human thorax substitute (Figure 3.12)
based on a substitute used in the automotive industry: BIOSID (Biofidelic Side
Impact Dummy) [7, 83, 84]. Three BIOSID ribs were attached to a spine box
to which a damping material was also added. [7]. As the (V C)

max

is based on
the dynamic deflection of the thorax, only the tracking of the deflection is needed.
This is done thanks to an integrated LED-Based system. This surrogate is the
first thoracic surrogate for non-lethal impacts ( Figures 3.10 and 3.11), successively
named 3RCS (3 Rib Chest Structure), and 3RBID (3 Rib Ballistic Impact Dummy)
( Figure 3.12). It was validated using the biomechanical corridors defined previously.

Three years ago, ABAL6 acquired the updated version of this surrogate, namely
the 3RBID (3 Rib Ballistic Impact Dummy). It increased the range of KENLW
evaluation tools available in the department. Moreover, it opens an opportunity for
comparing the impact results by using two different surrogates (see Chapter IV). A
description of the ABAL 3RBID system will be given in section 3.2.5.3.

3.2.5 Literature review of KENLW surrogates

Assessing and predicting the KENLW ballistic effects on the human body is not easy
because experimental testings on living humans are not possible for different reasons
as mentioned previously. They raise ethical issues. There are different alternatives
that can be used as shown in Figure 3.13 with their advantages and drawbacks.
One alternative is to use PMHS and animals. PMHS best represent living humans
in terms of anatomy and mass distribution but as all their physiological functions
are definitely off, they can not provide living physiological responses. Neverthe-
less, they can give valuable insight concerning the structural injuries. Conversely,
living animals, although not anthropometrically similar to humans, could be used
to monitor the alteration of living tissues/organs and their physiological functions.
The only problem is to know at which extent this can be extrapolated to humans.
Both PMHS and animals present some drawbacks as tests are not repeatable and

6Department of Weapon Systems and Ballistics
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Figure 3.12. A thoracic surrogate [7].

reproducible. Nevertheless, they serve to gather baseline data for the injury cri-
terion determination, the surrogate (mechanical or numerical) development. The
other alternative is to use mechanical or numerical biofidelic surrogates.

Figure 3.13. Different model types for injury assessment.

3.2.5.1 KENLW mechanical or numerical surrogates

Instead of using PMHS and animals which show limitations in their use, surrogates
are developed for the evaluation of impact effects and the injury risk assessment.
They have many advantages (Figure 4.1.6). Unlike the PMHS and animals which
are prone to significant variability, they offer repeatable responses. There are two
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main types of surrogates [85]: the physical surrogates namely the mechanical ATD
(Anthropometric test Device) and the virtual (or numerical) surrogates especially
those based on Finite Element Method called the HBFEM (Human Body Finite
Element Models) or FEATD (Finite Element ATD) . Examples of the two types
developed mostly for automotive field are given on Figure 3.14. These surrogates
can represent all the human body, a substructure of it or an organ. Although the
physical ATDs offer the great advantage by directly shooting the real non-lethal
bullets against them and the results readily available, it has some drawbacks com-
pared the numerical ones as generally only global response analysis can be carried
out (Figure 4.1.6).

The HBFEM has many advantages:

• The capability of accounting for complex geometries or complex material mod-
elling.

• Its cost-effectiveness.

• It gives insight into physical variables (stresses, strains,...) inside the material
which are not accessible by other means.

• It allows parameter sensitivity study.

• It allows scaling techniques.

• It allows more detailed analysis at global and local levels...

(a) (b)

Figure 3.14. Examples of anthropomorphic test device (50th Percentile) (a)
Mechanical model - (b) The corresponding FE model.
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But the quality of the HBFEM depends on the quality of material models de-
scribing the response of organs under (dynamic) loadings, the reliable representation
of the geometry of the organs and their interaction and the reliability of the exper-
imental data used for the HBFEM validation.

3.2.5.2 The mechanical Anthropomorphic Test Device (ATD)

Different mechanical ATD have been developed through years especially in the au-
tomotive field where they are commonly referred to as crash test dummies. There
is a wide variety of these ATDs with different sizes, different directions of impact
(frontal, lateral). They are instrumented to measure parameters such as accelera-
tion, force and deflection during impact. To the best knowledge of the author, none
of these ATDs were validated for KENL impacts. But the only reference found in the
literature, is the development of a surrogate from WSU derived from the BIOSID
ribs for the risk assessment of KENLW (Section 3.2.4.4). In the following section, a
description of the 3RBID (an updated version of the 3-RCS), recently acquired by
ABAL is given.

3.2.5.3 The ABAL 3RBID

The ABAL 3RBID is an updated thorax mechanical surrogate of the 3-RCS sur-
rogate for the evaluation of non-lethal impacts. It was developed by Humanetics
7 and is composed of three adapted BIOSID high steel ribs attached to the spine
at the back. On the impact side, protection plastic sheet fixed to the ribs through
aluminium plate makes the link between the three ribs so the motions of the ribs
are not independent. A foam material sheet placed on the plastic sheet provides
damping characteristics as to ensure the biofidelity of the system.

To track the 3D displacements of the ribs, an integrated LED-Based system
(RibEye) with a sampling rate of 20 kHz is used. To avoid external light inter-
ferences during the measurement, a covering system (neoprene coat) is put around
the 3RBID. A built-in CFC filters are implemented in the acquisition software to
eliminate undesired noise from the measured signal. In practice, the CFC-1000 filter
is used [55]. Modification has been brought to the system by replacing the led-based
measurement system by another system using accelerometer as shown in Figure
3.16. A detailed description of the 3RBID can be found in [55, 86]. The 3RBID was
therefore validated using biomechanical corridors (sections 3.2.4.2 and 3.2.4.3).

7http://www.humaneticsatd.com
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Figure 3.15. ABAL-3RBID (left) and the corresponding scheme with LED sys-
tem (Right).

Figure 3.16. ABAL-3RBID scheme with accelerometer.

3.2.5.4 The Human Body Finite Element Models (HBFEM)

It is again in the field of the car crash studies that many efforts have been made to
develop numerical models for crash injury risk assessment. Corresponding FE mod-
els of the physical ATD for virtual testings were also developed like the HYBRYD III
FE models or SID FE models ([87–89]. They are just numerical counterparts of the
physical ATD. In meantime, FE human body models that incorporated the mod-
elling of organs/tissues (geometry and material model) were also developed. The
first models were based on modelling bone structure of the thorax, the description
of the internal organs were not taken into account or was very rudimentary. Linear
material models were generally used. But over time, these models have evolved to
include more and more features: internal organs of the chest, flesh surrounding the
thoracic skeleton[85, 90–92] ...
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Whether in the automotive field of crash tests or in the non-lethal domain, sub-
jects on which the tests are carried out are the same. The only difference between
these two domains resides in the impact dynamics. The automotive field of crash
tests deals with large masses and low-speed impacts while the non-lethal impact
domain deals with small masses and high-speed impacts. Therefore one could ex-
pect differences in the material properties of different organs because the types of
loadings between the two domains are different. Therefore, to be used for KENLW
impacts, models from automotive field might need further calibration and valida-
tion. Although there exists a lot of different numerical models developed for crash
injury risk assessment and many have been validated for large masses and low ve-
locities [91, 93, 94], to the best knowledge of the author, surprisingly none has been
validated for non-lethal impacts. An interesting review of different models is given
in [91].

Instead, since the growing interest in blunt trauma ballistic applications, few
models have been exclusively developed for ballistic impacts. These FE models
are ranging from simplified models (Figure 3.18-3.19) to complex models (Figure
3.20-3.21). Below the description of few of them.

Figure 3.17. FEM of the human thorax and their applications [91].

Torso simplified model

This model is a FE torso simplified model and was developed at Valcartier [95]
to investigate and predict the biomechanical response of an actual torso to blunt
ballistic impacts. It was derived by extrusion from Human FE torso model developed
for blast injury investigation [96–99] in order to accomodate blunt impacts. The
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model was validated using the same projectiles and the biomechanical corridors
developed in Bir’s experiments.

Figure 3.18. Comparison between the FE model (Right) and a real human torso
(Left) [95].

MTHOTA FE (Mechanical THOrax for Trauma Assessment FE)

The MTHOTA FE model is the counterpart model of the mechanical MTHOTA
surrogate (Figure 3.19) and was developed for numerical evaluation of the KENL
impacts by Thota et al. [100]. It consists of 7543 shell elements, 723 solid brick
elements, 7 components (foam sheet, rigid impact plate, corrugated sheet, 4 plates)
and 4 contact interfaces (including the interface between projectile and MHTOTA’s
impacted surface). Like the torso simplified model, validation was done using Bir’s
biomechanical corridors and projectiles [101].

Advanced Total Body Model(ATBM)

This model was developed and is applied by US Air Force [102]. It is a 50th
percentile full scale human body model (head, thorax, neck, abdomen, skin and
extremities), validated against animals and PMHS. Figure 3.20 shows the model
corresponding to the thorax region. ATBM predicts a variety of injuries. The
thoracic related injuries that can be predicted are rib fracture, lung contusions,
pneumothorax, heart lesions, skin penetration... The injury criterion for the risk
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Figure 3.19. FE model of the MTHOTA and its cross-section. Adapted from
[101].

injury assessment is the RSI (Risk of Significant Injury). The RSI is the probability
that a NLW system will cause a significant injury when used as intended [102].
"Significant injury" refers to any injury requiring Health Care Capability indices 1
or 2, or to permanent injuries or to the death [103].

Figure 3.20. ATBM:Thorax model[103].

Hermaphrodite Universal Biomechanical YX model (HUBYX)

HUBYX (Figure 3.21) is a model developed at IRTES (UTBM) 8 in France for
injury risk assessment from ballistic impacts, blast, BABT (Behind Armour Blunt

8IRTES: Institut de Recherche sur les Transports, l0Energie et la Société - UTBM: Université
Technologique de Belfort Montbéliard
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Trauma)... [104, 105]. It includes the main internal organs and the skeleton [105].
The model includes 38600 brick elements, 77800 shell elements and 233 000 SPH
particles. The model was validated for blunt impacts using Bir’s data.

Figure 3.21. HUBYX model (left) - internal organ cross-section (Right)[105].

3.2.6 NATO Group

NLW are increasingly being used in the context of military operations. But each
country has its own system and its own method of evaluation which makes the
information exchange and the concept of interoperability impractical for countries
that are expected to work together. Therefore much effort is done within NATO
in order to work on methods of KENLW system characterization and evaluation.
A group of experts at NATO level (NLKE ToE) chaired by Belgium is working on
the elaboration of standardized test procedures on KENLW to which every KENLW
system (surrogate) or projectile should comply to be valid within NATO. This group
meets twice a year to discuss and exchange information on the progress made on
thoracic and cranial impacts, penetration of the skin, the use of different types
of surrogates, accuracy. A standard on the evaluation of thoracic impacts will be
released soon [5]. Before using a surrogate (mechanical or numerical), it should be
validated. The responses of the surrogate in terms of displacement as function of
time and of the (V C)

m

ax should fall within the defined corridors and boundaries
[7, 55]. The procedure consists in shooting the projectile on the 3RBID (section
3.2.5.3) a validated surrogate for assessing KENL impacts on the thorax. A reference
projectile that has been chosen within the group is the SIR-X projectile.
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Moreover one needs a validated numerical model of the projectile for the numeri-
cal surrogates. For the SIR-X projectile, corridors int erms of force and displacement
as function of time have been determined by impacting the SIR-X projectile on a
rigid wall structure [5]. In the present thesis, a finite element model (FEM) of the
SIR-X projectile is developed.

3.2.7 Conclusions

In this chapter, the different notions on thorax biomechanics have been introduced.
Injury criteria have been defined and in the present thesis, the viscous injury is used
for assessing the impacts of KENL projectiles on the thorax. Data on KENL blunt
impacts are rare and the only source found in the literature is the work performed by
C. Bir. This study provides the baseline data that will be used for the validation of
the thorax numerical model. The are two main types of surrogates, the mechanical
surrogates and the numerical (virtual) surrogates. It has been shown that numerical
models present more advantages compared to the mechanical surrogates. In the
present work, a numerical surrogate is developed. A review of a few models used for
assessing non-lethal impacts has been made. In the next chapter, a methodology
that is used for the development of the numerical tools for the assessment of KENL
projectile thoracic impacts is described.
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Chapter 4

Methodology for non-lethal thoracic
impacts

This chapter deals with the description of the methodology used to assess the
KENLW thoracic impacts. Models especially FE-based models, have extended the
spectrum of physical parameters that can be investigated for a better understanding
of the (dynamic) phenomenon. The development of these models have been made
possible thanks to the development of numerical techniques and powerful computing
systems. On the one hand, thanks to CAD programs and imaging techniques, one
can obtain detailed thorax organs/tissues geometries and projectile geometry. On
the other hand, the increasing knowledge on material science has led to the develop-
ment of material models that describe the dynamic material behaviour paving a way
for a better assessment of non-lethal impacts. Precisely, this work focuses on the
development of numerical models for the evaluation of thoracic impacts of non-lethal
projectiles. In this chapter, an overview of FE method applied to impact problems
is presented. Discretization techniques as well as material models are presented.
Finally, the methodology for non-lethal thoracic impacts is explained.

4.1 The Finite Element Method applied to impact
problems

Impact events are dynamic phenomena which are characterized by high strain rates,
inertial effects and wave propagation effects. They are localised and highly non-
linear and can manifest by large displacements and large strains, failure or damage
to structures. For a better understanding of these phenomena and the different
mechanisms involved, numerical tools (codes) are increasingly used. Codes in Solid
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Mechanics are mostly based on FE methods. In the present thesis, LS-DYNA code
will be used in order to simulate the non-lethal impacts.

LS-DYNA is a general-purpose finite element program developed at the Liver-
more Software Technology Corporation (LSTC) [106] and is capable of simulating
complex real world problems. It is used in many fields: automobile, aerospace, civil
engineering, military, manufacturing, and bioengineering industries. The code’s ori-
gins lie in highly nonlinear, transient dynamic finite element analysis using explicit
time integration. For pre-processing and post-processing, Ls-Prepost (also a prod-
uct from LSTC) [106] is used. Another tool that interfaces with LS-DYNA solver is
Ls-Opt that allows for complex optimization and sensitivity analysis [106].

These codes have seen significant growth over the last few years thanks to the
development of numerical methods and the growing of the computing capabilities.
The general principle of numerical methods is the following:

• The physical phenomenon is translated into mathematical models, often de-
scribed in terms of differential equations.

• These equations are solved thanks to FE software which themselves use nu-
merical techniques. The latter presupposes a discretisation of the space-time
domain thus transforming a continuous problem with an infinite number of
unknowns to a discrete problem with a finite number of unknowns.

• After the discretisation, it is necessary to determine how the unknown field
(e.g. the displacement field) will be evaluated within each subdomain of the
continuum (e.g. finite element method for spatial discretisation) and how to
advance the solution in time (integration schemes for time discretisation).

Given the complexity of real problems, assumptions are usually made on the geom-
etry, the material behaviour, the boundary conditions or the loadings. For impact
problems, explicit codes are often used [107, 108].

Numerical methods for solving dynamic problems are based on the conservation
laws which are fundamental physical laws independent of the material characteristics
and the constitutive equations which take into the material characteristics.

4.1.1 Conservation laws

When submitted to loadings, a given body � will deform and its configuration will
evolve. The dynamics of the problem can be expressed thanks to the conservation
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laws described by the following differential equations given in spatial form [109?
–111]:

• Mass conservation
⇢̇+ ⇢ẋ
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• Momentum conservation
⇢ẍ
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where

– ~x
i

= (~x)
i

is the component i of the displacement vector ~x;

– ~̇x is the velocity vector;

– ~̈x is the acceleration vector;

– � is the Cauchy stress tensor;

– ~f is the body forces;

– e is the specific internal energy.

4.1.2 Discretization methods

To solve these equations, the principle can be summarised as follows:

• Divide the problem into ’small’ problems (Spatial discretizations) (Figure 4.1).

• Transform each ’small’ problem into a tractable problem (algebraic equations).

• Ensure the continuity of displacement across element boundaries.

• Assemble and obtain a solution in the entire domain (solve the algebraic equa-
tions + boundary conditions).

Different methods for solving these governing equations exist: the Finite Differ-
ence Method (FDM), the Finite Volume Method (FVM), the Finite Element Method
(FEM), the Meshless Methods like the Smooth Particle Hydrodynamics (SPH),...
Each method has its advantages and drawbacks [112–114].
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Figure 4.1. Discretization of the body �.

In Solids Mechanics, the FEM is mostly used and is implemented in many soft-
ware. It is based upon a piecewise representation of the solution in terms of specified
basis functions. The computational domain is divided into non-overlapping smaller
domains (elements) and the solution in each element is constructed from the basis
functions by using the integral form of the equations (Equations 4.1-4.4). The entire
solution is obtained through the resolution of a set of algebraic equations derived
by combining all the element equations and the boundary conditions. To advance
the solution in time, the time is also discretized. Two great families of integration
scheme are used: the explicit time integration schemes and the implicit time schemes
[115]. Generally for dynamic problems like impact problems, explicit codes are used.

4.1.3 Types of elements

Different types of elements can be used 1D, 2D, 3D elements ([116]). In the present
study, only 3D elements are used. Examples of 3D elements (hexahedron,tetrahedron
or pentahedron) are given in Figure 4.1. Although there is a family of 3D elements,
the most frequently used solid elements are the 4-node tetrahedron and the 8-node
hexahedron [107]. Each type has its advantages and its drawbacks. Tetrahedron
elements are easy to generate automatically. Conversely for hexahedron elements,
the mesh generation process can be time consuming. Indeed for complex geometries,
most of the work is to be manually done (splitting and cutting) [117, 118]. For most
nonlinear problems, especially incompressible materials, linear tetrahedron elements
generally poorly perform and suffer from locking problems while hexahedrons with
a single integration point are computationally efficient but suffer from hourglass
problems [119, 120].
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4.1.4 Formulation description

There are two main types of motion description, the Lagrangian formulation and
the Eulerian one. In the Lagrangian formulation, the computational domain (mesh)
deforms with the material during the motion (Figure 4.2) while in the eulerian for-
mulation, the computational domain is fix and the material flows through it (Figure
4.2). The lagrangian formulation is best suited for solid materials and allows an
accurate material interface tracking but suffer from severe distortions under large
deformations. This results in a loss of accuracy and of stability. Unlike the la-
grangian formulation, the Eulerian formulation accommodates with large deforma-
tions (no distortion problem) and is best suited for fluids. The major problem with
this formulation is the material interface tracking [107].

Besides these two formulations, there exists other types of formulation. The ALE
(Arbitrarian Lagrangian Eulerian) formulation is a generalization of the Lagrangian
and Eulerian approaches. It tries to combine the advantages of both approaches
while trying to minimize their respective drawbacks. The computational domain
is no more attached to the material (Lagrangian), or fix (Eulerian) but attached
to a reference configuration which has an arbitrary motion. The Lagrangian and
Eulerian descriptions are therefore special cases of the ALE. It is best suited for
fluid structure interaction (FSI) [121, 122].

Figure 4.2. Lagrangian, Eulerian and ALE formulations - Initial (or reference)
configuration (left) and the deformed (or current) configuration(right)[121].

Another discretization technique is the SPH (Smooth Particle Hydrodynam-
ics). It was historically developed for astrophysical problems, but has now found
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applications in other domains [123]. Unlike all the aforementioned discretization
techniques, the computational domain of the SPH method is made of a set of dis-
crete particles and there is no need to define in advance the connectivity between
them (Figure 4.3). Like in FEM, the SPH uses the integral form of the govern-
ing equations from which the field variables at any particle are calculated thanks
to interpolation functions called kernel functions. Therefore the kernel function is
used to build continuous field quantities from discrete particles. It is defined on a
support (region that defines the contribution to the field variable at a given point).
One of the most significant advantage of this method is its adaptability, therefore
it can naturally handle problems with extremely large deformations [123]. But this
formulation is generally more expensive than the other ones and tensile instability
which may lead to unphysical results may develop in this formulation [124].

Figure 4.3. SPH formulation - (a) Support: all particles j within the support
will contribute to the particle i’s field variable - (b) kernel function [123].

It is worth mentioning that depending of the problem, one formulation might
be more appropriate than another one.

4.1.5 Contacts

During impact, contacts occur between the different thorax organs and it influences
the whole dynamics of the thorax. Failing to correctly model the contacts will lead
to invalid injury assessment. Therefore, they should be correctly defined in order
to determine the forces developed at the body interfaces and to adequately capture
the deformations of the bodies.

When two bodies come into contact, forces are generated at the body interfaces.
The Figure depicts the evolution of the contact forces as a function of the distance
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between the two bodies or penetration. when the two body come into contact. For
the study of the contact behaviour, it is usual to consider the normal component and
the tangential component. The normal forces are compressive forces which should
satisfy the physical requirement "there should be no penetration between the two
contacting bodies (impenetrability condition)" [125]. The tangential forces are linked
to the frictional behaviour of the body surfaces in contact. They are two conditions
related to this behaviour.

• The bodies in contact can stick together i.e. there is no relative displacement
between them (sticking condition). The frictional force does not attain a
threshold value.

• The bodies in contact can slide one another i.e. there is a relative displace-
ment between them (sliding condition). This introduces the notion of friction
between the body surfaces. The frictional force does attain the threshold value.

In order to judge whether the bodies are in contact and if they are, are they sticking
or sliding, one needs criteria. To derive these criteria, definitions are introduced.

4.1.5.1 Definitions

Given two bodies ⌦(i)
0 ⇢ R3 (i=1,2) in the reference configuration which undergo

large deformation (Figure 4.4), the motion of each body is described by a mapping
'(i) : ⌦(i)

0 x[0,t
f

] ! R3

~x(i) = '(i)( ~X(i), t) (4.5)

where ~x(i) is the spatial position of the material point referenced by its position ~X(i)

in the reference configuration, [0,t
f

] is the time interval and t
f

is the final time.

By dropping the superscript relative to the considered body, for each body, the
deformation gradient F is defined by

F =
@~x

@ ~X
(4.6)

The admissible configuration space X of the deformed body is defined by a one-
to-one relation i.e. the deformation gradient F should satisfy Equation 4.7.

detF > 0 (4.7)

It follows that

X ⌘ ~x : {⌦0 ! R3|[detF > 0 and ~x|�
ū

= ~̄x ] 8 ~X 2 ⌦0} (4.8)
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The boundary @⌦(i)
0 of the body ⌦(i)

0 is subdivised into the Dirichlet boundary �(i)
ū

where displacements are prescribed, the Neumann boundary �(i)
t̄

where tractions are
prescribed and the contact boundary �(i)

c

. �(i)
c

is the set of material points that
are in contact in the considered current configuration. These boundaries should not
overlap i.e.

@⌦(i)
0 = �(i)

ū

[ �(i)
t̄

[ �(i)
c

�(i)
ū

[ �(i)
t̄

= �(i)
ū

[ �(i)
c

= �(i)
t̄

[ �(i)
c

= ;
(4.9)

The governing equations for each body for all t ⇢ [0,t
f

] is given by

(4.10)

Figure 4.4. Configurations of the two bodies in contact problem - ⌦(i)
0 : bodies in

the reference (material) configuration - ⌦(i): bodies in the current (spatial)
configuration. Adapted from [1].

It is common in Continuum Mechanics to use the notion of traction ~t which is
defined by Equation 4.11.

~F =

Z

S

~t dS

~t = � ~n

(4.11)

where ~t is the traction vector at a point on the surface representing the force
acting on the surface per unit area of the deformed solid, and dS a elementary
surface element.

Decomposed in its normal and tangential components, one obtain Equation 4.12.
~t = ~t

N

+ ~t
T

~t
N

= (~t. ~n)~n (4.12)
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where ~t
N

the normal component of ~t (in the case of contact, it is the contact pressure)
and ~t

T

its tangential component. During contact between the two bodies, they come
into contact through their respective surfaces �

(1)
c

and surface �
(2)
c

(Figure 4.4). By
considering for example the material points in contact given by their spatial positions
~x
(1)
c

and ~x
(2)
c

at their common interfaces, one can represent tractions in those points
as depicted in Figure 4.5(a) corresponding to a zoom of the dashed circled region
in Figure 4.4. To avoid overloading the figure, only tractions on body ⌦(1) are
represented (the distance g has been willingly exaggerated as it will be used later,
normally in contact g = 0). The body ⌦(1) will slide on body ⌦(2) with a sliding
velocity ~v

g1/2
if certain conditions is met.

It is worth pointing out that the choice of the body ⌦(1) is arbitrary, one could
likewise use ⌦(1). Taking into account the balance of forces across the contact
interface, one obtains

~t
c

(1) = �~t
c

(2) (4.13)

(a)

(b)
Figure 4.5. (a) Contact zone: contact pressure on body ⌦(1) - (b) Friction

model of Coulomb.
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Figure 4.5(b) shows how there is an abrupt change of contact forces (tractions)
when two bodies come into contact showing that contact problems are highly non-
linear problems. Moreover, it is not easy to find the solution as both displacement
and contact force are generally unknown. Therefore one should proceed by iteration
[125]. In this thesis, only Coulomb friction model will be considered. It stipules that
the Coulomb friction force ~t

t

acts in the direction opposite to the motion (sliding
motion ~v

g

) and that its magnitude is given by Equation 4.14.

k~t
T

k = µ
c

k~t
N

k (4.14)

where µ
c

is the friction coefficient. Its value depends of the state of the material
properties of the bodies and the states of the surfaces in contact respectively.

4.1.5.2 Conditions of contact and sliding

They are two contact conditions that are considered: the conditions of contact
defined by the normal contact constraints and the sliding conditions defined by the
frictional sliding constraints.

(i) The normal contact constraints

This condition is related to the impenetrability condition. It is assumed that
the contacting body is the body ⌦(1) ( the slave) and the target body ⌦(2) (the
master). The choice of the master and the slave is arbitrary. This approach
is called a "one-pass" approach. A "two-pass" approach has been proposed
where the contact algorithm is applied a second time but by exchanging the
master and the slaves surfaces. Here the "one-pass" approach is considered.

As the point ~x(1) of the slave surface that is likely to come into contact is not
a priori known, a search is made first based on the closest point belonging the
master surface �(2) in the current configuration to ~x(1). The closest point is
the point obtained by orthogonal projection of ~x(1) on �(2) and is found by
minimizing the distance between the point and the boundary. The distance
between the two points is given by the gap function g

N

defined by

g
N

�

~x
(1)
0 , t

�

= ✓ k~x(1) � ~x(2)k

= ✓ k~x(1)
�

~x
(1)
0 , t

�

� ~x(2)
�

~x
(1)
0 , t

�

k

= ✓ min
~x

(2)2�(2)(t)
k~x(1)

�

~x
(1)
0 , t

�

� ~x(2)
�

~x
(1)
0 , t

�

k
(4.15)

where

✓ =

(

�1 if penetration,
1 if no penetration.
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If ~n is the normal to �(2) at the point of contact ~x(2), the closest point can be
determined by

0 = (~x(1) � ~x(2)).~n (4.16)

where ~n = ~

t1^~t2
k~t1x~t2k

, ~t1 and ~t2 are tangent vectors to �(2) at the point of contact
~x(2).

The normal gap g
N

introduces a kinematic constraint but there is another
constraint related to the forces exerted one against another as long as the
bodies are in contact. This leads to the Kuhn-Tucker conditions for normal
contact [115, 126, 127].

g
N

(~x0, t) � 0

t
N

((~x0, t) � 0

t
N

((~x0, t)gN(~x0, t) = 0
(4.17)

where g
N

is the scalar normal gap and the velocity ~t
N

= t
N

~

t

N

k~t
N

k .

These conditions show that when there is contact between the bodies,

• g
N

� 0: there should be no penetration between the bodies.

• if there is contact between the bodies, g
N

= 0 and t
N

> 0.

• otherwise t
N

= 0 and g > 0 ! no contact.

(ii) The frictional sliding constraints

Two bodies in contact can stick together or slide one on another. In the
latter case, there is a sliding velocity ~v

g

which has an opposite direction to the
vector ~t. If there is friction, a friction model should be introduced. Likewise
the relation 4.12, tangential relative displacement [128] can be introduced such
as the path of point ~(x)(1) on �(2) is given by

d~g
T

= ~t
↵

d⇠↵

g
T

=

Z

t

t0

k ⇠̇↵ ~t
↵

k dt =

Z

t

t0

q

⇠̇↵ ⇠̇↵t
↵�

dt

(↵, � 2 [1, 2])

(4.18)

where (⇠1, ⇠2) are used to parameterise the surface �(2) and t
↵�

= ~t
↵

.~t
�

. The
Einstein notation has been used.
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To determine the sliding velocity implies first the determination of ⇠̇. The
latter is given by Equation 4.19 [129]

⇠̇↵ =
h

~̇x(1)
�

~x1
0, t

�

� ~̇x(2)
�

~x
(2)
0 (~x(1)

0 , t), t
�

i

.~t
d

↵

(4.19)

where ~t
d

↵

= m
↵�

~t
�

represents the dual basis to ~t
�

with

~t
d

↵

.~t
↵

= �
↵�

m↵� = ~t
↵

.~t
�

(4.20)

The sliding velocity ~v
g

is given by

~v
g

= ~̇g
T

= ⇠̇↵~t
↵

(4.21)

The friction force is given by

~t
T

= t
T

↵

~t
d

↵

(4.22)

More details can be found in [115, 126, 127]. The sliding constraints are given
by the following conditions (4.23)

~v
g

= ��
c

~t
T

k~t
T

k
�

c

⌘ k~t
T

k � µ
c

t
N

 0

�
c

� 0

�
c

�
c

= 0

(4.23)

where ~

t

T

k~t
T

k is the unit tangential vector.

These conditions show that when there is contact between the bodies,

• if the contact is sticking i.e. no sliding, �
c

= 0 , ~v
g

= ~0 and �
c

< 0.

• If there is sliding (~v
g

6= ~0), �
c

> 0 and ~v
g

= ��
c

~

t

T

k~t
T

k and �
c

= 0
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4.1.5.3 Contact problem

The governing equations of the underlying problem is given by

⇢~̈x = r.⌃+ ⇢~b (~x 2 ⌦)

~x = ~̄x (on �
ū)

~t = ~̄t (on �
t̄

)
(4.24)

under contact constraints (see also Equations 4.17-4.23)

g(~x0, t) � 0

t
N

((~x0, t) � 0

t
N

((~x0, t)g(~x, t) = 0
(4.25)

and if in sliding state

~v
g

= ��
c

~t
T

k~t
T

k
�

c

⌘ k~t
T

k � µ
c

t
N

 0

�
c

� 0

�
c

�
c

= 0

(4.26)

Because of theses conditions, the problem becomes a problem under constraints.
To solve the problem in the framework of finite element method, a variational equal-
ity formulation based on the virtual principle is used [130].

Let us first write the problem in the adequate continuum formulation and let us
assume that the two bodies are in contact. By considering the equilibrium of only
one body, the contact forces are then considered as external surface forces applied on
the boundary �

c

of this body (the problem becomes then similar to the problem of
prescribed traction). The variational equality formulation of the governing equation
for the two bodies leads to Equation 4.27 [115, 126]. If there is no contact forces,
the problem is solved in a classical way. If there is contact between the bodies, as
theses forces proceed from the contact are unknowns as well as the displacements.
They have to be determined not using specific methods. There are different methods
[125] that can be used by only the penalty method will briefly described. Only the
penalty method is briefly described.
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dSi

)

dt = 0

8�~x 2 D

(4.27)

where D is defined as the set of kinematically admissible displacement such as

D ⌘ {�~x 2 D : ⌦0 ! R3 | [�~x = 0 on �
u

]} (4.28)

By defining �K, �W
int

, �W
ext

and �W
c

as the virtual work done by inertial
forces, the internal virtual work, the internal virtual work and the virtual work done
by the contact forces respectively, Equation 4.27 is rewritten by

�K + �W
int

� �W
ext

+ �W
c

= 0 (4.29)

where

�K =
X

i=1,2

Z

⌦i

n

⇢~̈x . �~x
o

dVi (4.30)

�W
int

=
X

i=1,2

Z

⌦i

n

⌃T :
@�~x

@~x

o

dVi (4.31)

�W
ext

=
X

i=1,2

Z

⌦i

n

⇢~b . �~x
o

dVi +
X

i=1,2

Z

�

i

~

t

n

~t . �~x
o

dSi (4.32)

�W
c

=
X

i=1,2

Z

�

i

c

n

~t
c

.�~x
o

dSi (4.33)

Considering Equations 4.12-4.13 and

~t
1
c

dS1 = �~t 2
c

dS2 (4.34)

the virtual work done by the contact forces (Equation 4.33) is given

�W
c

=

Z

�

1
c

n

~t
c

.�(~x1 � ~x2)
o

dS1 =

Z

�

1
c

n

t
N

�g
N

+ t
T

↵

�g
T

↵

o

dS1 (4.35)
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with ~t
T

. ~g
T

= T
↵

�g
T

↵

.

More details can be found in [115, 126, 128]. It is worth pointing out that the
friction is a dissipative mechanism. The friction dissipative power �̇

fric

is given by
[115]

�̇
fric

=

Z

�

1

n

~t
T

.~v
g

o

dS1 =

Z

�

1

n

µ
c

t
N

�
c

o

dS1 > 0 (4.36)

4.1.5.4 Penalty method

The penalty is a method which consists, when there is penetration of one body
into another to apply a force proportional to the magnitude of penetration (gap) in
order to enforce the impenetrability condition. This is physically equivalent to add
an additional fictitious linear spring between the contacted bodies. In LS-DYNA,
this is the most used contact method. By considering only the contact contribution,
when penetration occurs, Equation 4.35 can be written [125] as

�W
c

=

Z

�

1
c

n

�
N

g
N

�g
N

+ �
T

g
T

�g
T

o

dS1 (4.37)

where �
N

is the normal penalty factor and �
N

, the tangential penalty factor when
there is sliding. The penalty factor parameter can be compared to the stiffness of a
linear spring. The friction forces can then be written as

t
N

= �
N

g
N

(4.38)
t
T

= �
T

g
T

(4.39)

Using the FE discretisation, one obtains the global nonlinear finite element equa-
tion [131].

M~̈x+
⇥

K+Kc

⇤

~x = ~F
ext

� ~F
c

(4.40)

where M is the global nodal matrix, K and K
c

is the global stiffness matrix and
the global penalty stiffness matrix respectively, ~F

ext

and ~F
c

are the global exter-
nal force vector and the global contact force vector respectively. Details on the
implementation can be found for example in [132].

They are generally two approaches that are used: the constraint-based approach
where contact forces are computed through an optimisation formulation (Lagrange
multiplier methods) and the penalty-based approach where a force (modelled as
normal interface spring) proportional to the penetration depth is applied to resist
the penetration [125]. There are many various types of contact that are defined in
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LS-DYNA [116, 133], the penalty-based contacts are the most widely used 1. They
are many other types of contact in LS_DYNA 2

1One distinguishes the "one-pass" contact like *CONTACT_AUTOMATIC_NODES_TO_-
SURFACE and *CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE: the
slave side is defined by segments and only the slave segments are checked for penetration of the
master segments.

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE is a "two-pass" contact algorithm
and also the *CONTACT_AUTOMATIC_SINGLE_SURFACE suited for self-contact.

2CONTACT_TIED_NODES_TO_SURFACE and CONTACT_TIED_SURFACE_TO_-
SURFACE are kinematic constraint-based contacts where the slave nodes or the slave segments are
tied to the master. Constraints are imposed on slave nodes. CONTACT_INTERIOR: defined for
interior contact treatment within a part. It is especially for highly deformable materials like foams
to resist highly deformed mesh under severe loading conditions and prevent volume negatives. The
principle is the same as the classical contact types to keep the opposing surfaces of an element
away from each other to avoid element inversion problem [134].
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4.1.6 Material models

The mechanical behaviours of real materials are so complex that to fully described
them with equations is not easy. Even for the same material, the behaviour can
be different depending of the loading conditions. To take into account all theses
considerations, from experimental observations, material models are developed based
on certain assumptions [109, 111, 125, 135, 136]. Therefore each model has its
validity domain.

A material model is a set of equations relating stress to strain (and possibly
strain history, strain rate, and other field quantities) whose general expression can be
expressed by Equation 4.41 [136]. It allows to distinguish one material from another.
Constitutive equations or material models are used to model the material behaviour
Unlike the fundamental physical laws, they are fit to experimental measurements
[? ]. An example of such constitutive equations can be given by Equation 4.41.
Temperature is not taken into account in this thesis.

� = �(F, Ḟ) (4.41)

where

• � is the Cauchy stress tensor.

• F the deformation gradient.

• Ḟ the time derivative of F.

There are a lot of material models that have been developed through these years to
capture the mechanical behaviours of real materials. Concerning the human body, it
is made of different types of tissues that are complex. They can be divided into two
main categories, the hard tissues and the soft tissues. Concerning the projectiles,
the description of the projectiles (refer to Chapter II) have shown that there have
different material characteristics. Literature review has shown that most of the
human tissue materials as well as projectile materials can be described as elastic
([111, 125, 137]). In the present thesis, all the materials are assumed to be elastic.
Therefore only elastic models will be covered.

Elastic materials are a category of materials which deforms under loading, but
returns to its original shape when the load is removed. The main characteristics of
this kind of materials are:

• The stress tensor at a given point in the body can be expressed as a function
of only the deformation gradient at that point [138]. Equation 4.41 becomes

� = �(F) (4.42)
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• The material response loading path is the same as the corresponding unloading
path (no hysteresis) which means that there is no energy dissipation (Figure
4.6).

• A strain energy density function W exists from which the stress can be ob-
tained by differentiating this function with respect to strain.

Figure 4.6. Elastic models (a) linear and (b) Hyperelastic.

4.1.6.1 Linear elastic material model

Linear elastic materials is a sub-category of elastic materials and constitute a good
approximation for materials under small displacements,

For small displacements3, one can write (Equation 4.43)

� = f(✏) (4.43)

where

• � is the stress tensor;

• ✏ is the infinitesimal strain tensor;
3Infinitesimal strain theory is applied. It is when when the undeformed and deformed configu-

rations are assumed to be identical. For large displacements, one uses the finite strain theory to
describe the motion of the body. In this case, the undeformed and the deformed configurations of
the body are significantly different.
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Generally, the stress tensor is split into a spherical component (hydrostatic stress
tensor) and a deviator component (deviatoric stress tensor) (Equation 4.44). As
stresses induce strains in the body, likewise the strain tensor is divided into normal
(or spherical) component (normal strain tensor) and deviatoric component (devia-
toric strain tensor) both giving rise to the deformation of the body. The deformation
of a body is therefore the result of a volume change through the normal stress ten-
sor and a shape change through deviatoric strain tensor. Under loadings, the full
deformation of an element of the body corresponds therefore to the straining of this
element to which is superimposed the rigid body motion (Figure 4.7) [139].

Hydrostatic stresses and normal strains allow the definition of the equation of
state (EOS) while deviatoric stresses and deviatoric strains allow the definition of the
strength model (Figure 4.7). An important requirement on mechanical constitutive
equations is that they should be invariant under rigid translations and rotations
[109, 111, 125, 136].

� = pI + S (4.44)

where p is the hydrostatic pressure; I is the tensor-unit and S, the deviator tensor.

✏ =
1

3
✏
v

I + ✏d (4.45)

where ✏ is the deviator strain tensor, ✏
v

is the volumetric strain; I is the tensor-unit
and ✏d, the deviator strain tensor.

Figure 4.7. Material deformation: illustration of volume change (hydrostatic
contribution) and shape change (deviatoric contribution) [139].
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The relation between the loading (stress) and the material strain response is
linear (Figure 4.6 - curve (a)). It is given by Hooke’s law (Equation 4.46).

� = Cel:✏ (4.46)

where Cel is the stiffness tensor. For isotropic materials4, Cel, the stiffness tensor
can be written as function of the bulk modulus to K (volumetric part) and of the
shear modulus G (deviatoric part).

Cel =
1

3
K✏vI + 2G✏d (4.47)

where ✏
v

is the volumetric strain and ✏
d

the deviatoric strain tensor.

The stress derives from the strain energy (Equation 4.48).

� =
@W

@✏
(4.48)

where W is the strain energy density.

Equations 4.45-4.48 lead to the expression of the strain energy density given by
Equation 4.49. It is clear that it has two contributions, the deviatoric deformation
energy one W1 (due to the change of shape) and the volumetric (or dilatational)
deformation energy contribution W2 (due to the change volume change). It is worth
pointing out that the two contributions are decoupled.

W =G ✏
d

: ✏
d

+
1

2
K✏2

v

=W1(✏d) +W2(✏v)
(4.49)

where

W1(✏d) =G ✏
d

: ✏
d

W2(✏v) =
1

2
K✏2

v

(4.50)

This result will be generalized for hyperelastic materials.

4.1.6.2 Hyperelastic material model

Hyperelastic material is another sub-category of elastic materials for which the re-
lation between the loading (stress) and the material strain response is non-linear
(Figure 4.6 - curve (b)). It is the generalisation of linear elastic materials to large

4Isotropic materials are materials whose properties are the same in all directions
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strains. Rubberlike materials and many human soft tissues are generally considered
as hyperelastic materials [125]. The requirement for the strain energy function W is
that it must satisfy the principle of frame indifference or objectivity 5. Therefore, it
is always possible to write the strain energy as a function of the right-Cauchy strain
tensor C that is derived from F. The relation 4.48 under large strains becomes

S = 2
@W (C)

@C
(4.51)

where S is the second Piola-Kirchhoff stress tensor.

For isotropic materials, one can express the strain energy density as a function
of the strain invariants,

W (I1, I2, I3) =
1
X

m+n+k=1

Amnk(I1 � 3)m(I2 � 3)n(I3 � 3)k (4.52)

where A
mnk

are coefficients of polynomials, I1, I2 and I3 are invariants of the right
Cauchy-Green deformation tensor respectively. It is a general formulation of com-
pressible materials. It is common that a totally decoupled formulation of Equation
4.52 is assumed such that the deformation of a hyperelastic material can be de-
composed into volumetric and distortional parts. The introduction of compressive
materials is given later.

For incompressible materials, the strain energy density is purely a distortional
strain energy density W1(I1, I2) and depends only of the first and the second invari-
ants (Equation 4.53).

I3 = 1

W1(I1, I2) =
1
X

m+n=1

A
mn

(I1 � 3)m(I2 � 3)n
(4.53)

Various incompressible material models have been proposed among which

• Neo-Hookean model: It can be derived from Equation4.53 with m = 1 and
n = 0

W1(I1) = A10(I1 � 3) (4.54)

• Mooney-Rivlin model: It can be derived from Equation4.53 where m = 1

and n = 1

W1(I1, I2) = A10(I1 � 3) + A20(I2 � 3) (4.55)
5Material properties are invariant under changes of observers.
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• Yeoh model: It can be derived from Equation4.53 where n = 0 and m =

1, 2, 3.

W1(I1) = A10(I1 � 3) + A20(I1 � 3)2 + A30(I1 � 3)3 (4.56)
The incompressibility condition leads to volumetric locking problem in FE sim-
ulations. In fact, if the material is assumed to be incompressible, the volume
remains constant for different values of pressure. A first step in solving the
problem is to relax the incompressibility condition to a certain extent (Poisson
coefficient ⌫ ! 0.5 instead of ⌫ = 0.5). The material is then considered as
nearly incompressible material .

• Nearly incompressible material: For this materials, the strain energy den-
sity is written in a way that it can be separated into two distinct contributions
(the distortional strain energy density and in dilatational one) by using the
so-called reduced invariants J1, J2, J3.

W (J1, J2, J3) = W1(J1, J2) +W2(J3) (4.57)

where J1 = I1I
�1/3
3 , J2 = I2I

�1/3
3 and J3 = I

�1/3
3 .

W1(J1, J2) is the distortional strain energy density and W2(J3) the dilatational
strain energy density related to the equation of state. W1(J1, J2) can be de-
fined by using Equation 4.53 where the invariants are substituted by reduced
invariants. To model the rubber(like) materials and biological soft tissues as
unconstrained materials, Equation 4.53 can be recasted in the form of Equa-
tion (Equation 4.57). The general formulation becomes

W (J1, J2, J3) =
1
X

m+n=1

Cmn(J1 � 3)m(J2 � 3)n +W2(J3) (4.58)

where C
mn

are coefficients of polynomials.

There are various form of W2(J3). One of the most referred formulation is
given by Rivlin where

W (J3) =
N
X

i=1

1

Di
(J3 � 1)2i (4.59)

where D
i

define the material compressibility and N, the polynomial degree.

If N=1, the Mooney-Rivlin model defined by Equation 4.60 becomes

W (J1, J2, J3) = A10(J1 � 3) + A01(J2 � 3) +
K

2
(J3 � 1)2 (4.60)

where A10 and A01 are material constants and K = 2
D2

is the bulk modulus.
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• Ogden model: Instead of using a strain energy density, function of strain
invariants of the right Cauchy-Green deformation tensor, Ogden proposed a
model of the distortional strain energy density which is a function of the prin-
cipal stretches and is given by Equation 4.63

W1(�1,�2,�3) =
N
X

i=1

µi

↵i
(�↵

i

1 + �↵
i

2 + �↵
i

3 � 3) (4.61)

where µ
i

and ↵
i

are material parameters and N(� 1) is the polynomial degree.
It is worth pointing out that for an incompressible material, the three principal
stretches are dependent since one has �1�2�3 = 1.

If N = 1 and ↵1 = 1, one recovers the Neo-Hookean model and for N = 2,
↵1 = 2 and ↵2 = �2, the Mooney-Rivlin model [125]. In LS-DYNA, various
hyperelastic models are implemented, from the simple models to the complex
ones.

As mentioned previously, real materials have a complex behaviour and for
many soft materials like human soft tissues, they exhibit not only hyperelas-
tic, but also viscoelastic behaviour where time and rate of change play an
important role. This means that rate effects should be taken into account for
such models. In the following section, the viscoelastic material models are
presented.

• Compressible hyperelastic materials

A general formulation of highly compressible materials have been developed
by Ogden [140] is given by

W (�1,�2,�3) =
N
X

i=1

µi

↵i
(�↵

i

1 + �↵
i

2 + �↵
i

3 � 3) + F (J) (4.62)

where C
j

and ↵
j

are material constants and J = �1�3�3 represents the ratio
of deformed to undeformed volume and F (J) is the volumetric function.

In [141], the Hill-Ogden formulation has been adopted

W (�1,�2,�3) =
N
X

j=1

µj

↵j

"

�
↵
j

1 +�
↵
j

2 +�
↵
j

3 �3+
1

n
(J�n↵

j�1)

#

(4.63)

where n is a compressibility material constant. When n is large, the material
is assumed to be incompressible like rubber. When n is small, the material is
highly compressible like foam.
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It has been shown in section of nearly incompressible materials that the strain
energy density can be split into two decoupled contributions, the distortional
strain energy density and the dilatational one (Equation 4.57) by using specific
transformation as no condition was imposed on the material compressibility.
Compressible or nearly incompressible materials can therefore be written in
this formulation. An advantage of this decoupling is that the two terms can
be treated independently in the framework of the FE development e.g. using
different integration schemes to avoid locking problems. All the incompressible
elastic models described previously have therefore their compressible counter-
part models [141, 142]. Here an example of the compressible Mooney-Rivlin
polynomial model which has already been described in the description of nearly
incompressible models (Equations 4.58-4.59).

W (J1, J2, J3) =
1
X

m+n=1

Cmn(J1 � 3)m(J2 � 3)n +
N
X

i=1

1

Di
(J3 � 1)2i

(4.64)

In [143], many expressions of the volumetric strain energy has been proposed
.

4.1.6.3 Viscoelastic material model

Human soft tissues generally are characterised by viscoelastic behaviour. Viscoelas-
tic materials are materials that exhibit both fluid (viscosity) and solid (elasticity)
characteristics. Viscoelastic materials are strain rate dependent materials (Figure
4.8(a)). Important properties of viscoelastic materials are:

- Stress relaxation under constant strain: a constant strain results in decreasing
stress.

- Creep under constant loading: a constant stress results in increasing strain.

- Hysteresis: there is a stress-strain phase lag between the loading and the
response (a stress-strain phase lag) [135]. As it has been mentioned in Chapter III,
under loading, a part of energy involved in deformation is stored elastically and
another part is dissipated through viscous mechanism. In Figure 4.8(b), the area
unclosed by the loading and unloading paths corresponds to the energy dissipated
during one cycle.

If linear materials are considered, the constitutive equation 4.41 of a model linear
viscoelastic materials can be expressed in integral form (Boltzmann superposition
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Figure 4.8. Viscoelastic materials (a) Influence of strain rate - (b) Dissipation
during cyclic loading-unloading ( Hysteresis).

model) and can be given by Equations 4.65 and 4.66 [137]

✏(t) =

Z

t

�1
J(t� s)

d�

ds
ds (4.65)

�(t) =

Z

t

�1
G(t� s)

d✏

ds
ds (4.66)

where J(t), the creep function, represents the material response function under
constant stress and G(t) the stress relaxation function6 is the material response
function under constant strain. Both functions are continuous with respect to time.
Generally, they can be represented as Prony series of the forms

J(t) = J0 +
N

X

k=1

J
k

(1� e�(t/⌘
k

)) (4.67)

with J0 is the elastic (time-independent) material characteristic constant, J
k

, k=1,2...N
are viscous material parameters (constants),⌘

k

are characteristic times.

G(t) = G1 +
M

X

j=1

G
j

e�(t/⌧
j

) (4.68)

with G1 is the long-term (time-independent) material characteristic constant, G
k

,
k=1,2...M are viscous material parameters (constants) and ⌧

k

are the corresponding
6In a general sense, the response can be divided in a volumetric contribution and a deviatoric

contribution. But most often the viscous effects in the volumetric contribution are neglected. In
this case, G(t) is the shear relaxation function as commonly used. The same reasoning can be
made for J(t).
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characteristic times. It results from Equations 4.67-4.68 that the response of a
viscoelastic material can be divided into two components: an elastic component and
a viscous component.

To get more understanding of linear viscoelastic materials, it is common to use
an analogy with mechanical systems made of a combination of springs and dashpots
[109, 135, 144].

4.1.6.4 Visco-hyperelastic material model

This kind of materials shows a hyperelastic as well as viscoelastic effects [145]. Both
hyperelastic models and viscoelastic models have previously described. Therefore
the visco-hyperelastic is obtained by combining the the elastic component with the
viscoelastic component. It is described by

� = �
hyperelastic

+ �
viscoelastic

(4.69)

In LS-DYNA, viscoelastic behaviour is taken into account in hyperelastic models
by using strain rate dependent curve characteristics.

4.1.7 Material model parameter identification

All the material models contain a number of material parameters which are to be
determined from specific experiments with well tailored material specimens. There
are two ways of determining these parameters.

• Material models can be determined by carrying out conventional standardized
experiments and by using test specimens with a well-defined standardized ge-
ometry and under specific loading, to achieve particular conditions of stress
and strain within the specimen. There are many well known standardized tests
like uniaxial tensile and compression tests, bending tests. By measuring vari-
ables such as forces, displacements, material parameters like Young’s modulus,
bulk modulus can be determined through simple analytical relations.

• When the characteristics of a given material is not known or can not be de-
termined through conventional methods, inverse methods can be used. These
methods are based on determining the material model parameters from the
responses of the system to given stimuli and through numerical simulations.
The results of FE simulations are then compared to the measured responses
and an iteration process is carried out until convergence.
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Under (dynamic) loadings, the main characteristics which is used to provide
basic information on the strength of materials is the stress-strain curve from which
many other parameters (Young’s modulus for example) can be derived. This curve
is obtained via experiments. There are two ways of implementing this curve into
the FE code, either by fitting an analytical curve to measured data, one determines
material parameters of the chosen model to be used in the code ( parameter material
model law) or by using directly the experimental data into the code (tabulated law)
(Figure 4.9). The former can be time-consuming when the number of the parameters
in the model is large. In many FE codes, both methods are implemented.

The tabulated law method developed in [146] is based on a simplified formula-
tion derived from the Ogden hyperelastic model where the stress-strain curves from
uniaxial experiments are directly used in a tabulated form [144, 145, 147, 148]. No
Ogden model parameter identification is necessary in this case. It is possible to use
many load curves is used. In this case, they should cover the complete range of the
expected loading [149]. The method is used for rubber-like or foam materials 7.

Viscoelastic effect can be incorporated by using experimental curves at different
strain rates. Linear interpolation between two curves at different strain rates is
performed to calculate the stress at a given strain if the current strain rate falls
between the strain rates of the two considered curves. An advantage of this method
is the direct use of the experimental data and no fitting is required to accommodate
the shape of the experimental data curve is as long as it is increasingly monotonic.

The unloading is modelled by a direct input of the unloading curve or by using
LS-DYNA user-defined parameters 8.

The tabulated law formulation has been developed for low rate phenomena (uni-
axial quasi-static tests). Based on this approach, a method to characterise the pro-
jectile nose material of the 40 mm sponge grenades at high strain rate (up to 3000
s�1) has been developed (Chapter VI).

The general procedure for solving problems in FE codes is summarized in Figure
4.10.

7This method is implemented in LS-DYNA [149] using the models MAT_SIMPLIFIED_RUB-
BER (MAT_181) for rubber-like models and rubber-like compressible materials, and MAT_-
FU_CHANG_FOAM (MAT_083) is used for material with a Poisson’s ratio close to zero. An
incompressible rubber-like behaviour is assumed for the Poisson’s ratio is close to 0.5 (default
value=0.495)

8Two LS-DYNA user-defined paramaters HU, the hysteresis unloading factor (0 HU1) and
SHAPE, the shape factor for unloading can be set in order to simulate the unlodading
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Figure 4.9. Procedures of material card generation: Parameter-based input
versus Tabulated input [145].

Figure 4.10. Steps for solving (dynamic) problems using FE codes/LS-DYNA
code.
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4.2 Methodology for non-lethal thoracic impacts

Modelling impact problems is not easy as it requires the understanding of the com-
plexity of real impact events. This complexity is due to the time scale of the event,
the different non-linearities (geometrical, material, contact) involved and the diffi-
culty of obtaining effectively and efficiently continuous measurements of the impact
event. In the case of thorax which is a deformable structure, one needs displace-
ment measurements to derive the parameter for injury risk assessment of thoracic
impacts. It is already difficult when the projectile is a "rigid" one and the problem
becomes more complex when it comes to deformable projectiles (both bodies are
then deformable bodies). How then to solve the problem? This is a question to
which FE element can provide a solution.

To simulate the impact of KENL projectile on thorax for risk assessment, one
needs (Figure 4.11):

• To numerically build the thorax model as well as the projectile model. The
building of FE model requires to obtain the geometry, generate the mesh and
to get the material characteristics (properties) via specific tests to feed the
material models (see section 4.1.6).

• Each model should be validated i.e. the numerical results are compared to
experimental measures of well designed tests.

• The assessment implies that one should know the interested measurable phys-
ical parameters relevant for the risk assessment.

As the thorax is a deformable structure, it is difficult to experimentally measure
for example the thorax wall displacement during the impact of the thorax and the
projectile without using indirect methods or invasive methods. The problem is even
more complicated if the projectile deforms or breaks at impact (soft-soft impact).
That is where the FE method with its powerful capabilities can help circumvent the
experimental difficulty as it offers the possibility of directly extracting for example
the displacement.

Before numerically impacting the projectile on the thorax, one needs validated
models. The idea is therefore to split this step into two steps which are more
experimentally manageable as measurements can be more or less easily performed
(Figure 4.12). So the models could be validated. The first step is to consider the
impact of a rigid projectile on thorax (rigid-soft impact). Experiments performed
by C. Bir are used [40] in this case. The second one is to consider the impact of
the projectile against a rigid wall (RW) structure (soft-rigid impact)[2]. Tests were
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Figure 4.11. Model building scheme.

performed within the ABAL department by C. Robbe and A. Oukara. Moreover,
based on the results of RW impacts, a new method (section 6.1.2) has been developed
to characterise the deformable projectiles with sabot.

These two steps will feed the numerical models by providing baseline data for the
validation of corresponding numerical models. Validation in the range of velocities
encountered in real situations is necessary if one expects to get reliable results. Once
the models are validated, the impacts can be simulated numerically and the desired
physical quantities for example the viscous criterion in our case can be determined.
To do this splitting operation, it is assumed that the thoracic model as well as the
projectile model once validated by this procedure will yield correct results during
the impact simulation.

Figure 4.12 depicts the general methodology that is used for the evaluation
(assessment) of the impacts of KENL projectiles on thorax [2]. This evaluation is
carried out (soft-soft impact) using appropriate criteria (see chapter VII).

This methodology is general and presents few advantages:

• It is independent of the injury criterion used in the sense that if a new thoracic
criterion is defined, the methodology can be applied provided that the thorax
model is validated accordingly if necessary.

• Parameter sensitivity can be carried to see the influence of a given parameter
on the injury criterion i.e. on the injury outcome.

Building a FE model can be time-consuming and requires three main steps:
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Figure 4.12. Methodology for KENLW assessment.

• The geometry and mesh generation: This was done using Ansys 9 for the
thorax and Solidworks 10 and Hypermesh11 for the projectiles. Ls-Prepost was
used for the pre-processing (LS-DYNA model card generation) as well as for
the post-processing.

• The material characterisation consists through experiments to derive material
models that describe the material behaviour under specific loadings. Except
for most of the 40 mm sponge grenades where the material models were derived
from results of in-house experiments, all other material models were taken from
the literature.

• The validation of the model: the numerical results should match the experi-
mental results.

The validation process of the thorax and the projectile models are given in Chapter
V and Chapter VI respectively.

4.2.1 Conclusions

Modelling impact problems is not easy as it requires not only the understanding of
the complexity of real impact events but also the mathematical tools to describe the
phenomena. In that purpose, an overview of FE method, the widely used mathemat-
ical method has been given. To carry out the numerical simulations, a methodology

9More details at www.ansys.com
10More details at www.soliworks.fr
11More details at www.altair.fr
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has been defined for the evaluation of the impact of the projectile on thorax. It con-
sists of three main steps: the building of the thorax model as well as the projectile
models, the validation of these models and finally the evaluation of the impact of the
projectile on the thorax. In the next chapter, the thorax model will be developed
and validated.
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Chapter 5

Thorax Finite Element model

5.1 Development of the thorax FE model

The development of the thorax model is divided in three main steps. Firstly the
thorax geometry using a CAD software, then it meshed. Secondly, material prop-
erties of different organs were obtained from the literature. Finally, the model is
validated by using biomechanical corridors defined in Bir’s experiments. In this
chapter, firstly, a thorax FE model, the SHTIM (Surrogate Human Thorax for Im-
pact Model) is built, secondly L5 projectile FE model is built, finally the validation
is performed.

5.1.1 The SHTIM model

Because of the complexity of the geometry, two axes of the development were inves-
tigated (Figure 5.1). The first axis was the development of a very simple model (the
simplified model) made of cylindrical and annular geometries. This model is a very
simple representation of the thorax far from the real thorax geometry. Details of
the model can be found in [150]. But there was a need to go for an improved model
to be as close as possible to the real thorax. The second one was the development,
in collaboration with the University of Liège, of an anthropometric model whose
geometry was obtained from ct-scan images [151]. The geometry of the different
thorax organs was correctly represented. But this model has a stiffer response than
expected. Therefore, an intermediate model namely the SHTIM, was developed as
a compromise between the simplified model and the anthropomorphic model be-
cause it was necessary to have as quick as possible a model available for the risk
assessment.
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(a) Simplified model (b) Actual model (SHTIM) (c) Anthropometric model

Figure 5.1. Different thorax models.

5.1.2 The SHTIM model description

Each person being unique, there exists great variations in size and shape of the
thorax geometry, and in material properties among the population due to many
factors: sex, age, health, ... An average man (50th percentile) has been defined as
a standard especially in the crash test field [152–155] and is also used in non-lethal
field. Here the developed thorax model is not a 50th percentile. Instead it is a
roughly representation of the thorax principal organs (Figure 5.2). It consists of the
skeletal structure (12 pairs of ribs, sternum, spine vertebrae), the heart, the lungs,
the costal cartilages, intercostal muscles, the fatty tissues and the skin.

The thorax organs can be classified into two main categories as represented on
Figure 5.3, the thorax wall and the internal organs (Chapter III). For modelisation
purpose, all the soft tissues wrapping up the thoracic skeleton (intercostal muscles,
the fatty tissues and the skin) have been grouped into one part called "flesh" (Figure
5.3) with the same properties. The crossed-out parts have not been modelled nor
the space between different organs. There is only void.
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Figure 5.2. Thorax model (flesh not represented).

5.1.2.1 Geometry and mesh characteristics

Some assumptions on the geometry are made in order to reduce the time of the
model development and the complexity of the problem:

• Ribs are modelled as continuum solid parts in horizontal planes with ellip-
tic constant cross-sections although in reality each rib has a limited varying
curvature along its path and lies in an oblique plane with respect to coronal
plane and generally its cross-section is not constant (Figure 5.1(b)-(c)). This
obliquity slightly varies from a rib plane to another.

• The sternum is modelled as a continuum.
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Figure 5.3. Different organs of the thorax that have been modelled.

• Vertebrae column is modelled as a single continuum as one solid part). More-
over, there is no need of modelling this part in details as it is almost motionless
due to the localised nature of the impacts. All the impacts are performed on
the anterior part of the thorax.

• The "flesh" consisting in this present work of intercostal muscles, the fatty
tissue of the thoracic cage and the skin are modelled as a single continuum
part wrapping up the thoracic cage;

• The lungs, filled partially with air and the heart, filled with blood, are modelled
also as continuum respectively.

• There are voids between organs in the thoracic cavity as fluid, blood vessels
or other internal tissues are not taken into account.

• The diaphragm which is a membrane that separates the thorax from the
abdomen is not modelled as well as the abdominal organs which constitute
boundary in the lower part of the thorax.

The thoracic cage is modelled with hexahedral elements except for the "flesh" (not
represented in Figure 5.3 which is modelled with tetrahedral elements. All the
internal organs are modelled with tetrahedral element except for the aorta and the
trachea. The number of elements of the organs is given in Figure 5.2.
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5.1.2.2 Material characteristics

Most human tissues are composite materials1 with non-homogeneous and anisotropic
properties. Their properties vary from point to point and their respective response
depends of the loading directions. Because of this complexity and the complex
loadings that the thorax can sustain, they are not easy to model. Therefore some
assumptions are made: all the thorax material tissues are considered as homogeneous
and isotropic. The material properties of different thorax organs were taken from
literature and are given in Table 5.1.

• The ribs, the sternum and vertebrae column and the costal cartilages were
modelled as linear elastic materials 2 [95].

• The heart, the flesh, the aorta and the trachea were modelled as hyperelastic
materials3. There is a loading curve for this material. It is based on Treloar
experimental data and is given on Figure 5.4 [6, 156, 157]. The lung is modelled
with a hyperelastic model 4 [158, 159]. Its formulation is given on Figure 5.4.

No rupture model is implemented as the criterion linked to the occurrence of
the fracture that was determined is only based on the thorax deflection.

During the impact, the different thorax organs come each other in contact.
Normally, sliding can occurs between organ. It is not taken into account. Therefore
all the internal organ are tied. The ribs and the sternum are also tied to the cartilage
and the "flesh" and a penalty contact type is defined between the thorax wall and
the internal organs 5.

1composite material consists of different materials with different properties
2This model is implemented in LS-DYNA as *MAT_ELASTIC (5)
3This model is implemented in LS-DYNA as *MAT_SIMPLIFIED_RUBBER/FOAM (181)
4This model is implemented in LS-DYNA as *MAT_LUNG_TISSUE (129)
5Interface contacts have been defined between different organs such as: TIED_NODES_TO_-

SURFACE or TIED_SURFACE_TO_SURFACE between the different organs of the same struc-
ture (external or internal) and AUTOMATIC_SURFACE_TO_SURFACE between the internal
and the external structures
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Parts
Material parameters

Element
type/

Number
of ele-
ments

Density
[kg/mm3]

Young modulus
[Pa]

Poisson’s ratio Hexa

Ribs 1581 7.9 109 0.379 Hexa/
56320

Sternum 1354 3.5 109 0.387 Hexa/
2750

Vertebrae
column

1644 9.6 109 0.376 Hexa/
6696

Costal
cartilage

1281 4.9 106 0.400 Hexa/
5513

0.495 Tetra/
31071

Heart Loading curve Tetra/
31071

"Flesh" 1050 2.2 109 LC Tetra/
100894

Aorta
Hexa/
968

Trachea
Tetra/
3122

C � [m] ↵

Lungs
118 1.18 105 0.50350 0.00007 0.08227 Tetra/

143074
� C1 C2

-2.46000 0.00654 2.87600

Table 5.1. Material characteristics of the SHTIM parts.
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where C1, C2,�,↵ and � are material constants, LC is the loading curve.

Figure 5.4. Load curve (LC) for the "flesh", aorta and trachea material models
[6].

As previously mentioned, the thorax FE model will be validated thanks to Bir’s
experiments where L5 projectiles were used for the determination of the biomechan-
ical corridors. In the following sections, first L5 projectile FE models are built, then
contacts are defined between the projectile and the thorax and finally the validation
is performed.
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5.1.3 L5 projectile FE model

The L5 projectiles is described in section 2.4.2.6. The two projectiles that was
used have the same material properties and the same diameter but different lengths
(Figure 5.5).

5.1.3.1 Geometry and mesh

The projectile geometric characteristics are given in Figure 5.5.

Figure 5.5. PVC projectile characteristics.

5.1.3.2 Material characteristics

A linear model is used for the PVC projectile with the parameters given in Table
5.2. where the conditions A/B correspond to the impact of the L5 projectile with
the mass of 140 g at 20 m/s and 40 m/s respectively, the condition C corresponds
to the impact of another L5 projectile with a mass of 30 g at 60 m/s.
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Parts
Material parameters

Element
type/

Number
of ele-
ments

Density
[kg/mm3]

Young modulus
[Pa]

Poisson’s
ratio

Condition
A / B

1380 2.3 109 0.33 Hexa/
3600

Condition
C

1380 2.3 109 0.33
Hexa/
630

Table 5.2. Different properties of the PVC projectile.

5.1.4 Validation

5.1.4.1 Setup

The setup to numerically simulate Bir’s experiments is shown on Figure 5.6 with
the impact direction. This impact direction is defined because of the thorax model
curvature as to achieve normal impacts like in Bir’s experiments. Moreover, normal
impacts are the worst cases in term of viscous injury criterion so as it was demon-
strated in [160, 161]. But all measurements are performed in X-direction as it is
in this direction that are located the organs under consideration which might be
injured.

A penalty contact type6 is defined between the projectile and the thorax model.

5.1.4.2 Filtering problematic

There is generally noise in measured experimental signals. This noise is mitigated
by the use of a filter. But it is not clear which kind of filter was used as no precision
is given in [40]. Therefore a choice was made not to filter the numerical data un-
less stated otherwise. Filtering generally lowers the amplitude, making this choice
conservative.

6AUTOMATIC_SURFACE_TO_SURFACE
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Figure 5.6. Setup for normal impacts.

5.1.4.3 Results of SHTIM validation

To validate the model, Bir’s results are used where for each projectile and each veloc-
ity, biomechanical corridors were determined giving the upper and the lower limits
of the biomechanical responses of the impact on PHMS. Because of the difficulty of
tracking the thorax displacement, an indirect method was used. Using a camera,
it consisted of tracking the motion of a marker attached to the projectile relative
to a reference attached to the PMHS. But this method is no more efficent when it
comes to a deformable projectile or a projectile that breaks at impact. Numerical
simulations offer then the capabilities to directly track the thorax displacement via
the thorax impact zone nodes (markers). But it is important to check first that the
thorax displacement determined via the projectile marker bears the same results
as the one obtained via the thorax marker to see if both measures are consistent.
Figure 5.7(a) shows a good correspondence between the two methods except for the
unloading. Therefore to deal with deformable projectile and frangible projectile,
the thorax displacement is determined by the tracking of a thorax node in the im-
pact zone, the one with a V C

max

maximal. Results are similar for the other Bir’s
conditions.
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Figure 5.7(b-c) shows the velocity and the viscous derived from the thorax node
displacement (Figure 5.7(a)). The viscous criterion can be then determined. Figure
5.7(d) shows the results for all the 3 conditions of (V C)

max

. The three values fall
within the experimental (V C)

max

boundaries.

By comparing the three curves (Figure 5.7(a-c)), it is noted that their respective
maxima do not occur at the same time. The thorax maximum velocity is first reached
at the early stage of the impact at t(V C)

max

=0.08 ms, followed by the maximum of the
viscous response at t(V C)

max

=0.78 ms and finally the thorax maximum displacement
at t(V C)

max

=1.54 ms.

(a) (b)

(c) (d)

Figure 5.7. Thorax responses for an impact velocity of 40 m/s
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Figure 5.8. Comparison of numerical results with biomechanical data for dif-
ferent impact velocities. The red spot corresponds to (V C)

max
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Impact
condition

Projectile
mass [g]

Velocity
[m/s]

(V C)
max

[m/s] (Time)(V C)
max

[ms]

Numerical
Biomechanical

limits
A 140 20 0.29 [0.24-0.51] 0.80
B 140 40 1.17 [0.65-2.35] 0.78
C 30 60 0.29 [0.14-0.60] 0.44

Table 5.3. Comparison of numerical results (Injury criterion (V C)
max

).

5.1.4.4 Discussions

The fact that the curves do not lie entirely within the biomechanical corridors after
about 2 ms shows that the model has somewhat a stiffer response (Figure 5.8). This
shows that the whole behaviour of the thorax dynamics is not correctly captured as
the simulated phenomenon is too fast. Therefore work has to be done to improve
the compliance of the model. Nevertheless the observation window is sufficient
for the determination of the injury criterion. In fact, it can be shown that the
(V C)

max

is reached early at the beginning of the impact, in the zone where the
response is entirely within the corridors. This can be seen in Figure 5.3 where the
red spots correspond to the point of (V C)

max

. Therefore regarding the (V C)
max

,
the model has been validated. It is worth to point out that (V C)

max

is achieved
before the maximum deformation is reached.What about the difference between a
PMHS and a human living? On the one side, the PMHS used for the determination
of biomechanical corridors are old people and it is a well known fact that the human
body properties change with age and material property changes in the biological
structures decreases the thoracic injury tolerance [162–164]. On the other side,
for the PMHS, as all the physiological functions are irremediably off, the body
undergoes the rigor mortis process.This means that using the (V C)

m

ax value of 0.8
m/s determined from PMHS is conservative.

The only injuries that were investigated are the rib and sternal fractures in Bir’s
experiments. In general, rib fractures are a good indicator of the severity of an
impact to the thorax as the protection to the internal organs such as the lungs and
the heart is greatly reduced with the increasing number of fractured ribs [165]. Once
the model validated, other criteria can be investigated.

Only one source of data for validation may not be enough giving the limited
number of PMHS from which data for validation come from and the great variability
among people, but for now they are the only data available in open literature. As
soon as new PMHS data are available, the model can be checked and eventually
tuned with new biomechanical corridors.
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5.1.5 Conclusions

The SHTIM model has been described and modelled. The L5 projectiles which
served as the benchmark projectiles in Bir’s experiments in Bir’s experiments were
modelled. The impact of L5 projectiles on the SHTIM have been performed. Dis-
placement curves were used for validation. Comparison between the experimental
data and the numerical ones has been done. Although many assumptions were made
concerning the thorax geometry and the material models, good results have been
achieved and the thorax model has been validated. All the numerical responses fall
within the biomechanical corridors. The SHTIM is therefore validated. In the next
chapter, KENLW projectile FE model will be developed and validated.
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Chapter 6

KENL projectile models

6.1 KENL projectile FE modelisation

In the previous chapter, the thorax model was validated. In this chapter the FE
models of different KENL projectiles are validated. To validate the models, numer-
ical results are compared to experimental ones. The general procedure of validating
a projectile is described in Figure 6.1. To build the projectile FE model, projectile

Figure 6.1. Validation of non-lethal projectile model.

geometry and material models should be obtained. The geometry of the projec-
tile is relatively easy to obtain compared to the thorax geometry. Therefore the
challenging problem is the material modelling.
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As there are different types of materials from which non-lethal projectiles are
made, they also behave differently under loadings, hence the need to characterise
each material. Moreover, an impact event being a dynamic phenomenon, it is then
necessary to dynamically characterise the projectile materials in order to obtain
valid results. But there are some issues that have to be considered:

• Most of the times, only static material characteristics are available and some-
times, they are not sufficient to obtain valid results. Impact conditions imply
loading rates which are outside of the range of quasi-static tests, resulting in
behaviour that can then be very different [166–169].Thus constitutive models,
which take into account the dynamic behaviour of the projectile should be
used. They should be able to predict the material response under operational
loading conditions.

• The dynamic characterisation of such material1 requires specific testing facil-
ities as the time scale of such phenomenon is very short and highly nonlinear
phenomena are involved. There are a few standard tests like the Hopkinson
Pressure Bars, but they require specimen with well-defined geometries and
loading rate conditions similar to the ones found in the real applications.

• The projectile manufacturer never, to best knowledge of the author, delivers
(dynamic) characteristics of the projectile materials in the considered dynamic
range, nor the corresponding material blocks from which classic specimens
could be cut for material characterisation purpose.

The method that was applied is to find the material characteristics of the pro-
jectile in the literature and by iteration process within a certain range to obtain the
best suited material characteristics (Figure 6.1) for the validation of the FE pro-
jectile model. That is the procedure that has been used for the KENL projectiles
like the FN303 projectile, the 37 mm L5 projectile and the RB1FS in the present
thesis. But for specific projectiles like the 40 mm sponge grenades, made of a stiff
or "rigid" body and a deformable nose, a new method has been investigated. The
principle of this method is:

• To use the results of real direct projectile firings against a Rigid Wall (RW)
structure which is a supposedly infinitely rigid target equipped with a force
sensor.

• Then to numerically simulate the impact and by following the same procedure
described on Figure 6.1.

1It consists in characterizing the high strain rate response of materials (up to 4.103s�1 In our
applications, the strain rate)
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• one can finally determine the projectile material parameters by matching the
experimental and the numerical results until convergence (dynamic character-
isation). The specificity of the method is that one obtains the characterisation
of the projectile nose material characteristics and at the same time the vali-
dation of the projectile. This is cost-effective as no characterisation tests is
needed and the results if the real firing tests are directly used for both pur-
poses, the projectile material characterisation and the projectile validation.
The method is not appropriate for the stiff projectiles like the L5 projectile
because at high velocity they can break and for heavy mass projectiles, RW
structure force sensor can be damaged. Likewise the method is not appro-
priate for the frangible projectile (FN303) as it breaks at impact into debris
without significant deformation. Moreover, modelling the rupture mechanism
is complicated.

In the present chapter, KENLW projectiles are characterised. Firstly, the RW
structure which is the setup used for the projectile characterization is described.
Secondly, a new method of characterising the 40 mm sponge grenades is exposed.
Thirdly, the new method is applied to two projectiles: SIR-X and CONDOR pro-
jectiles. Finally, characterization of other types of projectiles is performed by using
parameters found in the literature.

6.1.1 Rigid Wall setup

The RW setup is used in order to obtain projectile firing data for validation and
characterisation purposes. The RW experimental setup is shown in Figure 6.2. The
main components are:

1. A pneumatic launcher for launching the projectile at desired velocity.

2. A light screen barrier for the impact velocity measurement.

3. A set of led lights for the high-speed camera.

4. A high-speed camera for impact events recordings. A great amount of infor-
mation can be obtained through the processing of the impact videos as the
projectile velocity measurement, projectile displacement tracking and projec-
tile attitude before, during and after the impact, the rebound velocity...

5. The impacting projectile.

6. A RW structure equipped with a force sensor for the force measurement.
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Figure 6.2. RW setup [2, 3].

The main physical quantities that can be measured or determined are:

• The force F(t) applied on the wall as a function of time,

• The impact velocity and the rebound velocity (from high speed camera im-
ages),

• The time-evolution of the projectile length L(t) (projectile displacement) dur-
ing the impact corresponding to the crushing process and release of the pro-
jectile (from high speed camera images),

• The time-evolution of the impact surface contact diameter D(t) between the
projectile and the RW projectile length during the impact (from high speed
camera images).

These quantities allow to capture the dynamics of the impact and are the most
important dynamic variables that will be used for the projectile characterization.
In order to process the high speed camera images, an in-house tracking software
has been used, so dynamic measurements of non-lethal projectile impacts can be
performed [2].

In theory, the RW is supposed infinitely rigid but in practice, it is not the
case, therefore the structure will vibrate during impact. As exposed in [3, 170],
measurements can be affected by mechanical resonance of the RW. This noise will
affect the entire measured signal even if it is particularly visible after the impact as
shown in Figure 6.3. Therefore a RW wall dedicated filter (FRF-Frequency Response
Function) was developed to mitigate the resonance frequencies. Alternatively, CFC
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(Channel-Frequency-Class) filter defined in [3] with a cut-off 9000 Hz can be used.
Normally, the resonance frequencies are not present in the numerical simulations
of the projectile impacts on RW, but to have the same comparison reference, both
experimental and numerical signals are filtered with the CFC filter.

Figure 6.3. Resonance of excited RW structure; Adapted from [3].

In the following section, the method for dynamically characterising the 40 mm
sponge grenade projectiles is presented.

6.1.2 Dynamic characterisation method for sponge grenades

This method is based on a tabulated law where the stress-strain curves derived from
the projectile real firings on a RW structure are directly used as input in the material
model. As it will be explained in this section, the difference with conventional test-
ings is due to the fact that the material characteristics of the projectile deformable
nose is directly obtained from the real firing tests instead of characterising this ma-
terial from a small well tailored specimen using conventional testings. To the best
knowledge of the author, there is no report in the literature of such a method for
characterising non-lethal projectiles.

There is a similitude between the two testings. Indeed, the 40 mm sponge
grenades are made of a stiff plastic body (sabot) and a deformable nose in foam or
rubber-like material. The sabot (the body part), the heaviest part of the projectile
is important as it allows the full straining of the deformable nose such as the nose
energy absorbing capacity is used and the projectile still have enough energy to
transmit to the target. In that sense, it can be compared in a certain way to the
moving crosshead in conventional compression tests. Nevertheless, the conditions
required for conventional testings are not met with this method.

The rubber or foam materials characteristics under loadings are generally de-
scribed by the typical curve given on Figure 6.4 [171]. Both material types (foam

111



Injury Risk Assessment

and rubber) are used in many applications because of their high energy absorbing
capabilities. They are designed in a way that a substantial part of the initial energy
is absorbed or dissipated by the projectile nose itself reducing the energy transferred
to the target and the risk of causing severe injury during impact. Thus the projectile
can be fired at higher velocity and longer distances of engagement can be achieved.
To have valid measurements, few assumptions are made.

6.1.2.1 Assumptions

• Necessity for each curve to have a densification zone as in the velocity range,
the projectile nose is generally fully strained.

• Normal impact (yaw angle 5�). The normal impact is the worst case as it
was shown in [160, 161]

• The two parts remained fastened during impact or at least during the loading
phase as the mechanism of separation between the two parts is difficult to
master;

• No plastic deformation or breaking of the sabot , no rupture or tearing of the
deformable part during impact: the breaking of the sabot and the tearing of
the nose are not expected during the impact on the thorax. Moreover, they
are difficult to master.

6.1.2.2 Methodology

In order to determine the (dynamic) compressive ��✏ response curves used as direct
inputs in a tabulated law, compressive or tensile tests of well tailored specimen with
specific geometric characteristics are performed by following standard procedures
[166, 169]. The purpose is to reduce errors due to many factors such as the shape
effects, the inhomogeneity of deformation... Therefore certain requirements are to
be met like a uniform straining of the specimen or achieving constant strain rate
[166–168]. The approach we use in this study is far from meeting the requirements
of conventional testing procedures.

The main difference between conventional tests and this new approach comes
from the fact that we are not characterising a cylindrical specimen out of which
the material response is obtained. Instead, we are characterising the non-lethal
projectile as a whole structural part by finding a model suitable for the deformable
part as the sabot is considered as "rigid".
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Figure 6.4. Schematic compressive stress-strain response for elastomeric foams
[4].

In fact, during the impact against the RW, the projectile nose undergoes large
deformation and is squeezed between the RW and the sabot which act as a constraint.
The impact can then be considered as a classical compression test although all the
conditions of a classical compression test are not met. The nose drives the shape of
the force-time profiles by acting as an energy absorber that limits the impact force.
This means that only the nose part is considered for the characterisation process as
for the sabot, a simple elastic model is used. After choosing the appropriate nose
material model, the effort is focused on adapting the parameters until acceptable
correspondence between the numerical and the experimental results is achieved.
The mode of loading being predominantly compressive, only the loading parts of
the curves will be used as input in the material model. The unloading part of the
experimental curves is not used due to the post impact oscillations. Therefore the
unloading is managed in LS-DYNA through the user-defined unloading parameters
in the material model [149].

The variables that are used for matching the numerical and experimental results
in order to characterise the impact phenomenon are the same as the measured
variables in experiments and are described in Figure 6.5.

• ~F (t), the impact force as a function of time

• L(t), the axial displacement corresponding to the variation of projectile length
(compression and relaxation) in the impact direction, as a function of time,
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Figure 6.5. Projectile impact dynamics characteristics.

L0 is the initial length of the projectile. The sabot being considered as ’rigid’,
L(t) is obtained by tracking the back of the sabot.

• D(t), the evolution of the impact surface diameter as a function of time. It is
a secondary variable that can also be used for comparison. D0 is the nominal
diameter of the projectile. The effort of characterization is most directed
towards what is going on in the impact direction.

In order to derive the stress-strain curves of the nose material, programs devel-
oped in LabVIEW environment are used. The main steps are given schematically
in Figure 6.6:

1. From impact videos, projectile displacement curves as a function of time are
generated by using a in-house tracking software [2, 172].

2. From the force sensor signals, curves of the impact force as a function of time
are generated.

3. The force signals are afterwards filtered to remove the undesired frequency
contents due to the resonance of the rigid wall structure [3, 170].

4. As the force and the displacement curves are obtained from two different mea-
surement systems, they should be synchronised.

5. The engineering stress-strain curves at different strain rates are the loading
curves in the (hyperelastic) material model. They are generated from the
force-displacement curves and the projectile characteristics.
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Figure 6.6. Main steps for non-lethal characterisation method.

It has to be noted that

• As the engineering stress-strain curves are used, the initial length of the pro-
jectile nose is defined as the reference length for the strain calculation. Due to
the hemispherical shape of the nose, the projectile nominal diameter is chosen
as the reference diameter for the stress calculation.

• The definition of the tabulated law in Ls-Dyna models requires smooth, mono-
tonic and non-overlapping 2 stress-strain data [147]. Strategies like smoothing,
fitting methods,... can be used to remedy to the problem [147, 173].

• To validate the projectile numerical model, one can use for each strain rate, an
experimental reference curve3 or experimental corridors built from experimen-
tal response data [147, 173]. All the calculation are done in one dimension.
The nominal strain rate is approximated by

"̇ =
V
impact

L
nose

(6.1)

where V
impact

is the projectile impact velocity. L
nose

is the projectile initial
nose length

2Stress increases when strain rate increases.
3The reference curve is obtained by averaging the experimental curves at a given strain rate or

by choosing one curve if only few results are available.
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In one dimension, the nominal engineering stress and the nominal engineering strain
are given by

�
eng

=
F

S0
(6.2)

"
eng

=
�L

L
nose

(6.3)

where S0 =
⇡D0

2

4 , D0 is the nominal diameter of the projectile nose, F
impact

the
impact force and �L the change in length of the nose. As the projectile is assumed
rigid, �L corresponds to L(t) (Figure 6.5).

6.1.2.3 Practical aspects of the non-lethal projectile characterisation
method

In practice,

• One should perform shots on the RW at different velocities. A minimum of
three experimental impact velocities will be enough in order to derive the
corresponding stress-strain curves with in mind, the idea to cover the entire
operational range. This is a compromise between the resources to be devoted
and getting statistically relevant data. As a rule of thumb, the projectile has
to be launched at nominal velocity, at two-third and finally at one-third of
the nominal velocity. For each velocity, the reproducibility of each curve was
checked by performing three shots under the same conditions.

• Filter all impact force signals using the CFC filter with a cut-off frequency of
9000 Hz.

• Most of the projectile noses are made of rubber(like) or foam material and
for such type of materials, hyperelastic or viscohyperelastic models are best
suited [144, 148, 174]. Depending of the value of the Poisson’s ratio, a different
(visco)hyperelastic is used 4 [145].

In the two following sections, the method is applied to the SIR-X projectile as
well as to the CONDOR projectile.

4If the Poisson effect is negligeable, MAT_FUNG_CHANG model is used otherwise SIMPLI-
FIED_RUBBER_MAT mat is used.
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6.1.3 SIR-X projectile FE model

The description of the SIR-X projectile is given in 2.4.2.3. The RW setup used
for the projectile characterisation is given at Figure 6.2. The methodology that is
followed through the validation procedure is described in section 6.1.2.2 summarised
in Figure 6.1 and Figure 6.6. There are one reason for which the SIR-X projectile
is chosen for applying the new method: The SIR-X projectile is the projectile that
has been chosen in the NATO standardisation framework by NLKE ToE group as
one of the projectiles for the validation of the thorax surrogates [5]. More details
are given in section ??. Moreover, it is a sponge grande which corresponds to the
category of projectiles to which the method can be applied.

It is then used to explain in details the application of the new characterisation
method of deformable projectiles. For the other deformable projectiles, only results
of validation will be given as the procedure is the same and the same conclusions can
be drawn. To cover the entire domain of application as previously stated (section
6.1.2.3), the projectile is shot against RW at three different velocities. The three
impact velocities are: 30 m/s, 58 m/s and 81 m/s. The two last velocities are the
velocities where (V C)

max

=0.4 m/s and (V C)
max

=0.8 m/s are expected respectively.
Validation is made by matching experimental and numerical results. All the exper-
iments were performed by my NLW teammates Dr. Cyril Robbe and Dr. Amar
Oukara [2, 3]. The force-time results are filtered using a CFC filter with a cut-off
frequency of 9000 Hz [3]. The impact dynamics (Figure 6.5) is characterized by

• F (t), the impact force as a function of time.

• L(t), the axial displacement as a function of time.

• D(t), the impact diameter as a function of time.

In the following sections, experimental results are exposed. Geometrical and ma-
terial characteristics are described. Experimental data are processed to generate the
compressive engineering stress-strain curves which are inputs of loading curves used
in the material model of the nose. The model is validated followed by discussions of
the results. Finally, conclusions are drawn.

6.1.3.1 Experimental results

The projectile force-time signals and the projectile displacement-time curves are
generated from the sensor and the impact videos respectively. Experimental results
are presented in Figure 6.20 for the three impact velocities. The focus will be mainly
on the loading phase. A first general observation shows that:
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(a) (b)

(c) (d)

Figure 6.7. Experimental results of the the impact of the SIR-X projectile on
RW at different impact velocities.

• There are still residual post-oscillations due to the resonance of the RW even
though the CFC filter has been applied on the force signals (Figure 6.7(a)).

• When the velocity increases, the maximum of force, displacement and diameter
increase and shift to the left (velocity effect) as can be seen in Figure 6.7(a)-(c).

• The displacement curve can be divided into three parts: a linear part during
the loading, a linear part during unloading and a transition phase between the
two (Figure 6.7(b)).

• The phenomenon seems to show a strain rate dependence (Figure 6.7(d)).
But other reasons can also explain this behaviour like the dispersion on mea-
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surements. Only the loading phase is considered (phase up to the maximum
amplitude).

• The maximum surface impact diameters are larger than the nominal diameter
which correspond also to the projectile nominal diameter. As the impact
diameter increases during the impact, this means that force could be spread
on a larger surface. It has an effect on the impact duration and the maximum
force. On the other side, because of diameter variation, the Poisson’s effect of
the nose is not negligible.

But there are more interesting features that can be highlighted. For that purpose,
instead of overloading the graphs in Figure 6.7, results at 58 m/s are considered
knowing that the same features are also observed for other velocities. Results are
shown in Figure 6.8. In Figure 6.8(a), are represented snapshots of the impact

(a)

loading sequences at specific times. These times are chosen by comparing Figure 6.4
to the loading curve of Figure 6.8(e). The corresponding times (coloured dots) are
reported in the different graphs. At time 0.12 ms, the nose is no longer hemispherical
due to its straining but becomes more or less cylindrical (linear regime). Time 0.36
ms is chosen as the time of the onset of the densification zone (end of the plateau
regime). The time 0.54 ms is the end of densification regime as well as the end of
the loading phase. Describing those three regimes, each graph will highlight some
features.

• A first zone at the beginning of the impact event, with a relatively slight
increase of the force. Only the nose tip is deformed, corresponding to a defor-
mation of about 20% (Impact sequence in Figure 6.8(a) corresponding to the
blue dot in Figure 6.8(e)).

• A second zone where the force continues to increase in a gradual way. Referring
to Figure 6.8(e), the deformation and the gradient of deformation continue to
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(b) (c)

(d) (e)

Figure 6.8. Impact sequences - main features.

increase but in a moderate way. This corresponds to the compaction of the
nose. The nose plays here a major role by its energy absorbing capacity (area
under the curve between the blue and the black dots).

• A third zone corresponding to a drastic rise of the amplitude to its maximum
and a reduced absorbing capacity of nose. It corresponds to the full crushing
process of the nose. (area between black and red dots in Figure 6.8(e)). The
projectile behaves almost like a rigid projectile.

• Finally the zone after the maximum amplitude.

• The three first zones are related to the loading phase and the last one to the
unloading.
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The graph of displacement as function of time (corresponding to the tracking of
a rear side of the sabot) shows that

• The displacement curve can be divided in three parts: two parts where the
displacement curve is linear during one part of the loading or unloading phase,
and a third part corresponding to a transition zone where the displacement is
no more linear (Figure 6.9 (a)). For each linear part, the slope ⇥

i

corresponds
to a velocity V

i

, either the impact velocity or the rebound velocity depending
of the part considered (Equation 6.4). This gives a way to determine those
velocities from the displacement curve. By dividing by the initial length L0

of the nose, one can determine the global engineering strain rate by using the
slope or the initial impact velocity. (Table 6.1).

V
i

= ⇥
i

=
⇣�L

�t

⌘

i

(6.4)

where i represents the linear part of the displacement curve considered.

By this equation, one recovers the experimental impact velocity as well as the
experimental rebound velocity (Table 6.1).

(a) (b)

Knowing L0, the initial length of the nose, the global engineering strain rate
is determined by Equation 6.5 or by Equation 6.6 for each linear part (Figure
6.9 and Table 6.1).

✏̇
i

=
⇥

i

L0
(6.5)

✏̇
i

=
V
i

L0
(6.6)
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(c)
Figure 6.9. Impact sequences - Variation of strain rate during the impact event

at 58 m/s.

where V
i

is V
impact

, the impact velocity or V
rebound

for the unloading phase.
There is a good agreement between the experimental and the computed loading
strain rate values (Table 6.1). Figure 6.9(c) shows three snapshots at specific
times during the loading, the transition and the unloading phases respectively.

Impact
velocity
[m/s]

Rebound
velocity
[m/s]

Strain rate [1/s] computed via

V
impact

L0

⇥
L0

(Loading)
V

rebound

L0

⇥
L0

(Unloading)

30 -13 1014 1047 427 439
58 -23 1959 1967 719 787
81 -32 2736 2736 1052 1077

Table 6.1. Rebound velocity and strain rate calculation.

If L(t) is the current nose length at time t, the local true strain rate is expressed
by

✏̇ =
1

L

dL

dt
(6.7)

where dL

dt

is the local slope of the displacement

The strain rates computed with different equations 6.1-6.4 and Equation 6.7
are represented in Figure 6.9(b). Global strain rates during each phase is con-
stant except for the transition zone and varies as expected with the velocity.
The local strain rate curve and the corresponding filtered one are also repre-
sented in Figure 6.9(b). There is a good agreement between the experimental
and the computed loading strain rate values (Figure 6.9(b)).

Three zones can be considered as for the displacement. The coloured dots
on Figure 6.9(b) are the specific marks which delimit the three zones and the
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corresponding screenshots of the impact sequences. The first zone corresponds
to the time slot where the projectile sabot continues with the same velocity
while the nose is already undergoing deformation. At the end of this time
(blue centre dots), the projectile begins to decelerate when the wave of nose
deformation reaches to the sabot. Then begins the second zone (transition
zone) where the projectile is drastically decelerated till its velocity drops to
zero (red dot) (full compaction of the nose material). Due to the elastic energy
stored in the nose, the relaxation or unloading phase begins when the projectile
begins to rebound. The average slope of this transition zone gives an idea on
how fast the projectile is decelerating.The end of the zone corresponds to the
time when the projectile sabot has a constant velocity.

• The phenomenon is dissipative as the loading path is different from the un-
loading one (Figure 6.8(e)). This can be seen also with Table 6.1 as the impact
velocities are different from the rebound velocities.

6.1.3.2 Geometry and mesh

The geometrical and mesh characteristics are given in Figure 6.10. The projectile is
modelled with hexahedral solid elements (Figure 6.10). A continuous mesh is used
at the interface by merging the nodes of the two parts.

Figure 6.10. SIR-X projectile characteristics.
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Before describing the material properties, data for the material model generation
are processed.

6.1.3.3 Data preparation for material characterisation

The stress-strain data are derived from the force signal and displacement as func-
tion of time after synchronisation. The initial length and the initial diameter of
the nose are used to define the engineering strains and the nominal cross section,
the engineering stresses. Using the reverse engineering method, the projectile nose
is characterised. The stress-strain data which describe the behaviour of the nose
material, are used as input for the material model (Figure 6.8(e). The parts of
stress-strain curve of interest for the characterisation is the loading part.

Many features of the impact dynamics have been highlighted in the previous
section. Referring back to (Figure 6.8(e)), during the loading phase, three main
zones have been distinguished: a linear regime at the very beginning of the impact
followed by a plateau which corresponds to the compression of the deformable part
and finally a drastic increase of the stress corresponding to the densification zone
where the projectile behaves almost like a rigid body. This type of behaviour is
characteristics of foam materials (Figure 6.4). There might be a slight difference of
this linear regime due to the hemispherical projectile nose compared to the classical
testings where cylindric samples are used.

There is a wide variety of foams with different behaviours depending on the
application. Two main parameters drive the foam behaviour: the matrix material
and the morphology of the gaseous phase. There are two generic morphologies: the
open cell and the closed cell. The initial zone corresponds to the deformation of the
matrix, the plateau to the phase where the gas exits from the open cell foams or is
compressed in the closed cell ones and finally the densification zone where the cells
are completely crushed (no more deformation) corresponding a steep stress increase
[3, 175].

The stress-strain characteristics derived from experimental tests shown should
be processed to be amenable for the simulation of the phenomenon. Figure 6.11
shows the stress-strain curves for different impact velocities of the SIR-X projectile.
They seem to show moderate strain rate dependence. One can notice that there
are curve overlapping at the beginning of the impact and at the beginning of the
densification zone. These are critical zones and this kind of features is not desired
as higher stresses are expected for results at higher strain strain rates. How to solve
the problem? There is no efficient scientific approach now to solve this problem.
Empirical method has been used by moving in an arbitrary way some points or
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Figure 6.11. Engineering strain-strain curves for impact velocities 30 m/s, 58
m/s and 81 m/s.

extrapolating (if necessary) in the interested region in order to satisfy the criterion
"increasing stress curves for increasing strain rates". One approach for simplicity
that might be used is to approximate the curves by polylines [173] which make the
process more tractable.

Causes of this curve overlapping can be multiple. One of them is the dispersion.
Indeed, at the beginning of the impact, the forces are relatively low (small impact
surface) and the sensibility to the impact angle can be high even though one could
expect a normal impact. Therefore the dispersion can be high. This has an influence
on the global result. If the sensibility to strain rate is not high, the risk of curve
overlapping can also be great. In the densification zone, for high velocities, the
probability of the occurrence of uncontrollable phenomena (partial separation of the
sabot and the nose) is great and the related time occurrence is not known. Therefore
the risk of overlapping curves in this zone can be high.

But in this case, some observations can be made.

• The curve at 30 m/s does not present a densification zone (section 6.1.2.1).
The curve is also discarded.

• The strain corresponding to the maximum displacement at 81 m/s is close to
100% (Figure 6.11). This seems unrealistic unless other non mastered phe-
nomena have occurred like the plastic deformation of the sabot. One can also
notice that the impact diameter curve at 81 m/s is not smooth at its maxi-
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mum. These features are not expected. For all these reasons, the curve at 81
m/s is discarded.

Therefore, only the curve at 58 m/s is used for the calibration of the model (Figure
6.12). After making the curve monotonic, it can directly be used in the material
model as the load curve. This loading curve is used as the loading curve for an
hyperelastic material, a model that is suited for modelling rubber and foam load-
ing characteristics. As the phenomenon is dissipative, the impact velocity and the
rebound velocity are not different, unloading should also be modelled 5. For the
sabot, a linear elastic model is used.

Figure 6.12. Compressive loading curve at 58 m/s.

6.1.3.4 Material characteristics

The SIR-X material characteristics are given in Table 6.2. A linear elastic model
is assumed for the sabot and a visco-hyperelastic model for the nose. where the
unloading material parameters HU and SHAPE 6 are the hysteresis factor and the
shape factor, LC is the loading curve. The loading curve ((Figure 6.12), derived
from the impact results on RW at 58 m/s is not directly used as input loading curve
in the material model for the reason explained below. Instead the curve in Figure
6.13 is used.

Indeed, during the calibration of the model, it has been found that using the
original stress-strain data (baseline data) in Figure 6.12 leads to results that was

5In LS-DYNA, the choice is made to use the material model for rubber and foam MAT_181:Sim-

plified Rubber/Foam which offer to the possibility of modelling the unloading via the parameters
HU and SHAPE

6The parameters HU and SHAPE are used to introduce dissipation in the model. If HU=1,
there is no dissipation in the material model, and the model is elastic
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Parts
Material parameters

Element
type/

Number
of ele-
ments

Density
[kg/mm3]

Young modulus
[Pa]

Poisson’s ratio

Sabot 1354 2.3 1010 0.387 Hexa/
2032

Bulk modulus
[Pa]

Nose 231 3.0 109 0.200 Hexa/
4336

HU SHAPE SFA Loading curve
0.10 15 0.9 LC

Table 6.2. Different properties of the SIR-X projectile.

Figure 6.13. SIR-X engineering stress-strain characteristics.

not quite satisfying (Figure 6.14). A good correspondence was only achieved for
the displacement. To improve the results, the idea was to extend the compressive
data to the tensile range. As no tensile curve was available for this material, the
baseline data was extended by mirroring effect with respect to the origin (Figure
6.13). The modified curve (modified baseline data) is thus used as input in material
model card. Results of the comparison are given in Figure 6.14.

6.1.3.5 Validation

A parametric study of the nose model has been carried out to find the optimal model
parameters (Table 6.2). Comparison between the experimental and the numerical
results are given in Figures 6.15-6.16. Good correspondence is achieved for the force
and displacement. Satisfying results are achieved for the impact diameter. Table
6.3 shows the comparison of rebound velocities with a good agreement between
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Figure 6.14. Comparison of numerical results for the baseline data and the
modified baseline data taking into account tensile curve as loading curves
at 58 m/s.

experimental and numerical results. One can conclude that the physics of the impact
is correctly captured.

Impact
velocity [m/s]

Rebound velocity [m/s]

Experimental Numerical
30 -13 -13
58 -23 -24
81 -32 -35

Table 6.3. Comparison between experimental and numerical rebound velocities.

6.1.3.6 Discussions

As the sabot is considered as "rigid", it is the nose that mainly drives and shapes the
macroscopic impact dynamic profile. Figure 6.17 shows the energy evolution. The
nose kinetic energy curve shows three zones with different slopes during the loading
corresponding to different energy absorption/dissipation rates of foam material nose
(Figure 6.17(a)). By relating it to Figure 6.17(b), it is only after 0.20 ms that
the front wave from the impact site due to the deformation of the nose will reach
the sabot. Then the sabot will begin to decelerate. At this time, the nose has
already absorbed/dissipated more than half of its energy (first zone). The rate of
the energy loss is higher. After this time, the nose continues to deform with a lower
rate of energy (second zone (plateau)). The sabot undergoes a high deceleration
and the whole projectile progressively behaves like a non-deformable structure. The
end of the second zone (black dot - time 0.36 ms) corresponds to an increase of
energy rate of the nose which begins the third zone (densification) Almost all of the
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(a) (b)

(c)
Figure 6.15. Comparison between experimental and numerical results at 58

m/s.

initial energy of the projectile is dissipated or absorbed by the foam nose at 0.54ms
(end of the loading phase - red dot). Therefore when it comes to the impact of a
deformable projectile with a hard sabot on RW, its behaviour can be compared to
a rigid-like behaviour when the nose is completely crushed. Therefore it is like the
rigid behaviour is delayed in time. The "delayed effects" are initiated because of the
presence of the deformable material.

Only a small part of the energy is stored as elastic energy and is available for
the rebound phase, the other being dissipated through irreversible processes. The
ratio between the energy for the rebound and the initial energy gives an idea of the
dissipative capabilities of the foam material (Figure 6.18). The lower is this ratio,
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v = 30 m/s v = 81 m/s

Figure 6.16. Comparison between experimental and numerical results at 30
m/s and at 81 m/s.
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the higher is the dissipative capacity of the foam. For a perfect elastic material, this
ratio before and after the impact is 1. Here, the ratio is 0.17 which means that only
17% of the initial energy is recovered for the rebound (assuming that all the elastic
energy is converted into kinetic energy).

Figure 6.17. Energies of the SIR-X projectile parts at 58 m/s.

Three curves at different impact velocities were considered to cover the domain
of application. Two were discarded as they did not satisfy to the requirement. With
one single loading curve used as loading curve in the material model, the physics of
the impact was correctly captured. This means that in the domain of our application,
there is only a weak dependence of the SIR-X foam material upon the strain rate.
This is a particular case. In general case, for a highly strain rate dependent material,
the same approach should be used.

There are two critical zones where the uncertainty can be high in the stress-strain
curves. the first critical zone is the very beginning of the impact where the stress is
too small due to the hemispherical nose (contact on one point) and the resolution
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Figure 6.18. Ratio of total kinetic energy to initial energy at 58 m/s.

of the sensor might be too low to measure such low amplitude forces. The second
critical zone is the beginning of the densification zone due to some non-mastered
phenomena that can occur for example the nose slipping out of the sabot or the glue
at the sabot-nose interface not resisting higher impact forces...

The original stress-strain curve is not used as loading curve in the material
model. Instead the modified one where the data have been extended to the tensile
range is used. Better results are obtained. The reason of this improvement is due
to the fact that the nose is under multi-axial stress state during the deformation
especially in traction at the nose periphery in the transversal direction. The material
model should incorporate other modes of deformation in order to capture the whole
behaviour of the nose material. But this should be more investigated.

Satisfying results is achieved at 30 m/s. the force error is 8% and the displace-
ment error is 9%. It is worth pointing out that the considered velocity is the lowest
velocity for which there is a densification zone. Good correspondence is found at 81
m/s between the numerical and experimental data except for the diameter where
the error is 18%. The results of impact diameter show the maximum impact diam-
eter are overestimated. However this has a little importance in the global response
as from our experiences in simulating deformable materials, the pressure on RW is
very small outside the region of one initial projectile diameter (similitude with a
material flowing in radial direction). Nevertheless the impact diameter during most
part of the loading phase is correctly captured (Figure 6.15-6.16). The unloading is
not correctly captured in the radial direction. There is two combined effect for the
radial behavior: the Poisson’s effect and the unloading parameters used to simulate
the dissipation. An optimum of these parameters was not found to correctly acpture
the phenomenon in the radial direction. One possible solution to investigate is the
use of the unloading curve obtained during the firings. But the difficulty with this
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curve comes from the fact that the actual filter can not mitigate completely the
resonance frequencies content.

The scaling factor abscissa value SFA was adjusted and set to 0.9. The reason
for that can be explained by uncertainties at the beginning of the stress-strain curve
where the stress is very low. As a consequence, the stress keeps a very lower values
up to a certain value of strain. It was observed during the model calibration that the
time corresponding to maxima of numerical curves of the force and displacement as
function of time were reached slightly at at latter time compared to the experimental
ones. a choice was made to adjust this parameter.

Using hexa-elements with one point of Gauss in large displacement problems
may lead to problems of hourglass. Figure 6.19 shows that the problem of hourglass
is mastered only by using the default values in LS-DYNA. The thumb rule is that
the ratio between the hourglass energy and the internal energy has to less than 10%
[149] and that is the case.

Figure 6.19. Comparison of internal and hourglass global energies at 58 m/s.

6.1.3.7 Validation in NATO standardisation framework

As mentioned previously, the projectile SIR-X has been also chosen as one of the
reference projectiles in NATO standardisation framework by the NLKE ToE group7

and a validation process has been defined. However does the SIR-X projectile FE
model satisfies the NATO validation requirement?

7A group of experts at NATO level (NLKE ToE) chaired by Belgium is working on the elabora-
tion of standardized test procedures on KENLW to which every KENL system or projectile should
comply to be valid within NATO.
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NLKE ToE group has defined a method for the SIR-X projectile FE to be
considered as validated against a RW. For that purpose, SIR-X force corridors and
displacement corridors have been defined. They were generated from real firings
of the SIR-X projectiles on RW at two different impact velocities 29 m/s and 61
m/s. In order to be considered as validated, he numerical responses of the SIR-X
impacting the RW should fall within the corridors defined in [5].

The SIR-X projectile has been chosen for thorax surrogates validation purpose.
For numerical thorax surrogates, one needs a projectile validated model. Results
given in Figures 6.20 shows that the SIR-X FE model satisfy the requirement as the
curves fall within the corridors.
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29 m/s 61 m/s

29 m/s 61 m/s

Figure 6.20. Validation of SIR-X projectile using corridors defined in [5].

6.1.3.8 Conclusions

The projectile SIR-X has been characterised by applying the new characterisation
method. It has been validated for a certain range of velocities. Good correspondence
has been achieved between the numerical and the experimental results. It has been
shown that with one loading curve used as input for nose material characterisation,
the dynamics of the impact was correctly captured. The nose material shows no or
little strain rate dependence. Many features have been described by considering the
dynamics of the impact according to different perspectives: the impact force, the
displacement or the different energies involved. The projectile SIR-X has also been
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validated in the NATO standardisation method framework. It can be then used in
the standardisation process within NATO.

To show the consistency of the new method of characterisation, it will now be
applied to another projectile.

6.1.4 CONDOR NT901projectile FE model

The description of the CONDOR NT901 projectile is given in Figure 2.4.2.4. Three
impact velocities were chosen: 38 m/s, 63 m/s and 88 m/s for the projectile char-
acterisation. There is a great similarity between the SIR-X and the CONDOR
projectiles. Therefore the same procedure for the validation of the SIR-X projec-
tile is applied for the CONDOR projectile as well. Only differences if any would
be highlighted. Nevertheless, there is a difference in projectile mass and in nose
density.

6.1.4.1 Experimental results

Experimental results are given in Figure 6.21. As expected, the results are similar
to the results obtained with the SIR-X projectile. The same observations are made:
Poisson’s effect is not negligible. The same analysis concerning the different features
highlighted for the SIR-X projectile can be made also for the CONDOR projectile.

136



6.1 KENL projectile FE modelisation

(a) (b)

(c) (d)

Figure 6.21. Experimental results of the the impact of the CONDOR projectile
on RW at different impact velocities.

6.1.4.2 Geometry and mesh

The geometrical and mesh characteristics are given in Figure 6.22. The projectile
is modelled with hexahedral solid elements. The numbers of elements of the sabot
and the nose are given in Table 6.4. A continuous mesh is used at the interface by
merging the nodes of the two parts. The cylindrical holes have been replaced by
prismatic holes by deleting few hexa-elements but with the same pattern.
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Figure 6.22. CONDOR projectile characteristics.

Figure 6.23. CONDOR projectile nose with four holes.

6.1.4.3 Material characteristics

A linear elastic model is used for the sabot and a visco-hyperelastic model for the
nose. The nose material model parameters was identified using the method described
in section 6.1.2.2. The loading curve used as input for the material model is given
in Figure 6.25. All the material characteristics are given in Table 6.4.

where LC is the loading curve, the unloading parameters HU and SHAPE are
the hysteresis factor and the shape factor, and MU , the damping coefficient.

The validation process of the CONDOR projectile is described in next section.
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Parts
Material parameters

Element
type/

Number
of ele-
ments

Density
[kg/mm3]

Young
modulus [Pa]

Poisson’s ratio

Sabot 1030 2.3 1010 0.33 Hexa/
2112

Nose

Bulk modulus
[Pa]

328 5.0 109 0.100 Hexa/
4072

HU SHAPE SFA MU
Loading
curve

0.50 15 1.0 0.05 LC

Table 6.4. Material characteristics of the CONDOR projectile.

Figure 6.24. CONDOR engineering compressive smoothed stress-strain curve.

6.1.4.4 Validation

A parametric study of the nose model has been carried out to find the optimal
model parameters (Table 6.4). Results of the calibration of the model are given
in Figure 6.25 obtained by smoothing the original curve. Comparison between the
experimental and the numerical results are given in Figures (Figures 6.26-6.27).
Good correspondence is achieved for the force and displacement as function of time.
Satisfying results are achieved for the impact diameter. The physics of the impact
is correctly captured.
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Figure 6.25. CONDOR compressive loading curve derived from characteristics
at 38 m/s.

6.1.4.5 Discussions

Although they have different masses and different nose densities, they shows similar
behaviour at impact. The same discussions and conclusions drawn with the SIR-X
projectile are also done for the CONDOR projectile.

The three stress-strain curves derived from the force and displacement overlap
(Figure 6.21 (d)). It is assumed that there is a weak dependence to the strain rate.
By using the same approach as for the SIR-X projectile, the curve corresponding to
the lowest velocity (38 m/s) with a densification zone is considered (Figure 6.25).
The final curve is obtained after modifying the original stress-strain curve by smooth-
ing it and by approximating portions of curves by lines except for the densification
region. Good results were achieved as one can see on Figures 6.26-6.27.

Only with one loading curve, the curve with the lowest velocity (38 m/s) with
a densification zone, the physics of the impact phenomenon is correctly captured.
Good correspondence is found for the force and displacement as a function of time.
But the same remark as the one made for the SIR-X projectile can be made about the
impact diameter . There is some discrepancies in the value of the maximal impact
diameter at certain velocities. The maximum error 23% was obtained with the
highest velocity. The unloading phase for the transverse direction was not correctly
captured. The reasons of these discrepancies can be explained by a high dissipation
of the nose material model.

As for SIR-X projectile, the loading curve was symmetrized about the origin to
add a tensile curve to see if results could be improved. Results are given in Figure
6.28. They show that extending the stress-strain curve to the tensile range did not
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(a) (b)

(c)
Figure 6.26. Comparison between CONDOR experimental and numerical re-

sults at 38 m/s.
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v = 63 m/s v = 88 m/s

Figure 6.27. Comparison between CONDOR experimental and numerical re-
sults at 63 m/s and at 88 m/s.
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improve the result. There is no difference for the displacement but a slight difference
in force (the maximum error is <10%).

v = 63 m/s v = 88 m/s

Figure 6.28. Comparison of CONDOR results using the baseline loading curve
(LC) and the extended loading curve where the baseline LC has been sym-
metrized in order to have a tensile loading curve for impact velocites 63
m/s and 88 m/s.

There is a slight difference in the structure of the nose between the CONDOR
and the SIR-X projectile. There are holes in the CONDOR nose. To show the
influence of these holes in the global response, they are filled with the same material
by keeping the projectile mass constant. Two alternative cases are considered. In the
first case (Case B), the nose density is adapted and the sabot mass is kept constant.
In the second case (Case C), the same density as the actual projectile nose density
(Case A) is used and the sabot mass is adapted accordingly. Simulations have been
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performed at 63 m/s. One can see that the same results are achieved for the three
cases (Figure 6.29) i.e. the holes have no influence in the impact dynamics.

Figure 6.29. CONDOR hole influence: Case A-same nose density, Case B-
same sabot density, Case C-actual projectile.

6.1.4.6 Conclusions

The condor projectile has been validated. As explained, there is a similarity of the
impact phenomena between the SIR-X and the CONDOR projectiles. Therefore the
main conclusions apply to both projectiles even though there is a difference in the
nose structure and masses between the two projectiles.

The CONDOR nose contains four cylindrical holes or cavities but they have no
influence on the global dynamics.

6.1.5 Nobel Sport (NS) Spartan LE 40 Schock projectile FE
model

The description of the NS projectile is given in section 2.4.2.5. The NS projectile
has a structure that is different from the SIR-X and CONDOR projectiles. It has a
hollow nose structure and higher mass, 40 g fron the NS projectile and 32 g for the
SIR-X projectile.

6.1.5.1 Experimental results

Two impact shots were chosen as representative of the available firing series at 36
m/s, 60 m/s for the projectile characterization. A third series of shots at 92 m/s
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were discarded as all the projectiles at this velocity broke during the impact on
RW. Validation is made only using the impact results at 2 impact velocities. The
experimental curves (Figure 6.30) show the same behaviour as the ones obtained for
the SIR-X and the CONDOR projectiles. It is observed a linear phase, a plateau
and a drastic increase in force followed by the unloading phase. One could expect
to have then the same phenomenon but there is a difference in the structure of the
NS nose and the deformation mechanism is not the same.

(a) (b)

(c)

Figure 6.30. NS experimental results on RW.
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6.1.5.2 Geometry and mesh

The geometrical and mesh characteristics are given in Figure 6.31. The projectile
is modelled with hexahedral solid elements. The numbers of elements of the sabot
and the nose are given in Table 6.5. A continuous mesh is used at the interface by
merging the nodes of the two parts.

Figure 6.31. NS projectile characteristics.

6.1.5.3 Material characteristics

The new method of characterization for sponge grenades could not be applied as the
NS nose is not a solid full homogeneous solid (see section 6.1.2.1). A hyperelastic
material is assumed for the nose rubber material and the loading curve is taken
from the literature [6]. A linear elastic model is used for the sabot. The material
characteristics for the projectile is given in Table 6.5 and Figure 6.32. The validation
process of the NS projectile is described in the next section.

6.1.5.4 Validation

A parametric study of the nose material model has been carried out to find the
optimal model parameters (Table 6.5). Comparison between the experimental and
the numerical results are given in Figures 6.33. The results show differences between
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Parts
Material parameters

Element
type/

Number
of ele-
ments

Density
[kg/mm3]

Young modulus
[Pa]

Poisson’s ratio

Sabot 1206 2.3 1010 0.387 Hexa/
2032

Bulk modulus
[Pa]

Nose 1000 5.0 109 0.495 Hexa/
4336

HU SHAPE Loading curve
1 0 LC

Table 6.5. Material characteristics of the NS projectile.

Figure 6.32. Loading curve for the NS projectile nose [6].

the two types of results especially for the impact forces. Nevertheless, satisfying
results are achieved for the displacement.

6.1.5.5 Discussions

Results at 60 m/s show a maximum error of 15 % in term of maximum impact force.
Most of the loading part is correctly captured. Two directions of investigation can
be considered:

• How the air enclosed in the nose could affect the results if it is modelled. It
may offer an additional resistance to the nose deformation acting then as a
damper.
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v = 36 m/s v = 60 m/s

Figure 6.33. Comparison between NS experimental and numerical results at 36
m/s and at 60 m/s.
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• The maximal error on the maximum force is 15 %. As the model did not
capture correctly the physics of the impact, one way to improve the validation
is by investigating elastic models.

When comparing the NS results to SIR-X results, there is to a certain extent a
similitude. The force curves can be divided into three zones: a more accentuated
linear zone, then a plateau with higher amplitude and a zone where there is a drastic
increase of force. But the underlying deformation mechanisms are very different
especially due to the presence of cavities within the nose. In fact, the snapshots of
the cross-sections of the NS projectile during impact (Figure 6.34) show that firstly,
the column resist the deformation corresponding to the linear phase, followed by the
plateau phase until total buckling of the column occurs at time=0.34 ms. Then the
force increases drastically. This phase is similar to the densification of the material
in the case of the SIR-X projectile. The unloading phase begins at time=0.51 ms.

Although the NS projectile is heavier than the SIR-X and CONDOR projectiles,
at same velocities, the NS projectile performs well in term of induced force on
RW as for example at 60 m/s forces are of the same order. One can note that
the deformation mechanism induced in NS projectile through buckling seems more
efficient in this case.

Figure 6.34. Cross-section NS impact sequences at 60 m/s.
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Energy histories show the same trend as for the SIR-X (Figure 6.17), but for the
NS projectile, the second (similar to plateau) is not clear (Figure 6.35. The ratio
of kinetic energy before and after the impact gives an idea of the energy dissipated
through irreversible process, i.e. the dissipative capabilities of the nose material.
This ratio is equal to 0.02. The numerical ratios are lower than the experimental
ones. This can be seen when one refers to the slope of the unloading phase for
the NS projectile impact on RW. Table 6.6 gives comparison of rebound velocities
between experiments and numerical simulations. The discrepancy partially comes
from the fact that unloading was not correctly captured using the built-in unloading
parameters in LS-DYNA. The numerical model seems more dissipative than the real
case.

Figure 6.35. Energy histoiries for the NS projectile at 60 m/s.

Impact
velocity [m/s]

Rebound velocity [m/s]

Experimental Numerical
36 -20 -12
60 -17 -7

Table 6.6. Comparison between experimental and numerical rebound velocities.

The maximum impact diameter is overestimated, and the unloading is not cor-
rectly captured. To better capture the whole dynamics, the material characteristics
should include other modes of deformation.

During the loading, a dynamic cavity is created (Figure 6.34). Indeed due to
the presence of cavities, nodes of the projectile nose, particularly the ones close to
the projectile axis are accelerated in one and the other direction along the projectile
axis, the highest acceleration being achieved for the nodes on the axis. Therefore a
dynamic small cavity is created at the interface projectile-RW as this can be seen in
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Figure 6.34 at time 0.20 ms. Figure 6.36 shows the velocity of node A corresponding
to the projectile nose tip. By examining what is going along the projectile axis, at
the beginning of the impact, the velocity of this node drops to zero before moving
in the opposite direction. After the node moves again forward. There are three
specific times: At time T1, the total collapse of the column takes place inducing a
high velocity peak and the projectile continues to move forward. At time T2, the
central part of the sabot squeezes the nose against the RW. At time T3, the small
cavity closes definitely during the unloading phase. By considering a few nodes
located along the radial direction on the front external surface of the nose, the same
behaviour with more or less much emphasis depending of the node’s distance from
the projectile axis can be observed (Figure 6.37).

Figure 6.36. Velocity along the projectile longitudinal axis of node A corre-
sponding to the projectile nose tip for an impact velocity of 60 m/s

Figure 6.37. Velocity of nose nodes located along the radial direction for an
impact velocity of 60 m/s.
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6.1.5.6 Conclusions

Satisfying results have been achieved for the validation of the NS projectile. The
mode of deformation of the NS projectile is very different from the SIR-X and
CONDOR projectiles due to its hollow structure. During impact, the column resists
the deformation until complete buckling of the nose followed by a rigid-like behaviour
of the projectile. This mode of deformation seems to bear better results in terms of
impact force compared to the SIR-X and CONDOR projectiles although it is heavier
than the latter.

152



6.1 KENL projectile FE modelisation

6.1.6 FN303 projectile FE model

The description of the FN303 projectile is given in section 2.4.2.8.

6.1.6.1 Experimental results

All experimental results have been given in [2]. Three impact velocities are con-
sidered, 35 m/s, 60 m/s and 93 m/s. For each series of firings, only one curve
representative of each series is used. Figure 6.38 shows the corresponding results.
As the projectile breaks at impact, tracking the displacement and the impact di-
ameter is therefore meaningless and only curves of force as function of time are
considered. The description of the geometrical and material models are given in the
sections 6.1.7.2 and 6.1.6.3, respectively.

Figure 6.38. Experimental results of FN303 impacts on RW at different veloc-
ities.

6.1.6.2 Geometry and mesh

The main issue here is to define an appropriate formulation due to the different
characteristics of the materials of the FN303. SPH formulation is used to model
the bismuth grains and the glycol (which is modelled as water). For the polystyren
parts, lagrangian formulation is used (Figure 6.39). The body and the disk are
modelled with hexahedral elements.
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Figure 6.39. FN303 projectile geometrical and mesh characteristics.

6.1.6.3 Material characteristics

The material characteristics are given in Table 6.7. Linear elastic behavior is as-
sumed for the polystyren material. The glycol is modelled as water. Water is
modelled with an linear EOS and bismuth material are modelled using a linear elas-
tic EOS and a viscous (deviatoric term)8. A fluid-like material model with a linear
EOS is used for water and a linear model EOS with a viscous term for the bismuth.

Even though the FN303 is a composite projectile with many parts coming into
contacts one another, only one contact type is defined. The contact type used for all
these parts is AUTOMATIQUE_NODE_TO_ SURFACE contact defined between
the polystyrene parts and the bismuth and water, respectively. As it breaks at
impact, a principal stress failure criterion for the polystyrene parts is defined and
set to 200 MPa.

6.1.6.4 Validation

Results of FN303 validation given in Figure 6.40 show a good correspondence be-
tween the experimental and the numerical results.

8This material model implemented in LS_DYNA as *MAT_NULL is used to model fluid-like
material and with an optional viscous (deviatoric) term can also be added [149]
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Figure 6.40. Comparison between FN303 experimental and numerical results
for different impact velocities.
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Parts
Material parameters

Element
type/

Number
of ele-
ments

Density
[kg/mm3]

Young modulus
[Pa]

Poisson’s ratio

Body 810 5.5 109 0.300 Hexa/
15808

Disk 810 5.5 109 0.300
Hexa/
7624 /

centering *MAT_NULL
Linear elastic EOS Viscous term

Bulk modulus
[Pa]

Viscosity µ
[Pa.s]

Bismuth 9790 3.1 1010 500 SPH/
32876

Water 1000 2.2 109 -
SPH/
32876

Table 6.7. Material characteristics of the FN303 projectile.

6.1.6.5 Discussions

The FN303 projectile is lighter than the 40 mm sponge grenades and its mass is
three to five times smaller. Its impact duration is also much shorter than the 40
mm sponge grenades impact duration.

The impact dynamics of the FN303 projectile is different from all the previous
projectiles that have already been modelled. This projectile breaks at impact. It
is characterised by a rapid increase of the force up to the maximum followed by a
rapid decrease of the force. It is worth pointing out that a part of the initial energy
of the projectile, difficult to quantify is used to break the projectile into many
pieces. The breaking of the projectile is important as it will ’artificially’ increase
the impact diameter by letting the bismuth flowing and spreading on the impact
surface (Figure 6.41). Therefore the force is not concentrated on a small region but
on a larger impact surface which has an effect on the impact time duration i.e. on
the maximum force.
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Figure 6.41. FN303 projectile breaking: Dynamic Increase of impact surface .

6.1.6.6 Conclusions

Although the complexity of the projectile due to multiple interactions between the
FN303 projectile parts, the dynamics of the impact has been correctly captured.
The main characteristics of the FN303 projectile is that it breaks at impact. The
breaking of the projectile is important in order to increase in an ’artificial way’ the
impact diameter. This has an effect on the duration of the impact i.e. the whole
impact dynamics.
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6.1.7 RB1FS projectile FE model

The description of the RB1FS projectile is given in section 2.4.2.7. It is made of one
single material: the rubber material.

6.1.7.1 Experimental results

All experimental results have been given in [2]. Three impact velocities are con-
sidered, 35 m/s, 60 m/s and 90 m/s. For each series of firings, only one curve
representative of each series is used. Figure 6.42 shows the experimental results.

Figure 6.42. Experimental results of RB1FS impacts on RW at different veloc-
ities.

It is not possible to use the displacement for validation purpose as it was pointed
by C. Robbe ([2]), the tracking of the rear of the projectile could not be done
correctly as the projectile tail tends to move vertically and rotate during the flight.
This makes things difficult at impact in order to track the rear side of the projectile.
Therefore only the impact force and the impact diameter will be used.

The description of the geometrical and material models are given in the sections
6.43 and 6.8, respectively.

6.1.7.2 Geometry and mesh

The geometrical and mesh characteristics are given in Figure 6.43.
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Figure 6.43. RB1FS projectile characteristics.

6.1.7.3 Material characteristics

Upon the impacts, the projectile undergoes large deformations. An hyperelastic
(YEOH) model is used for the rubber material. This model provides a good fit
over large strain ranges [176]. The material properties are determined thanks to the
reverse engineering method. They are given in Table 6.8. where C10, C20 and C30

Parts
Material parameters

Element
type/

Number
of ele-
ments

Density
[kg/mm3]

Poisson’s ratio

Rubber 1000 0.498 -
Hexa/
7487

C10 C20 C30
5 109 -2 105 2 105

Table 6.8. Material characteristics of the RB1FS projectile.

are material model constants.

6.1.7.4 Validation

Results of RB1FS validation given in Figure 6.44 show a good correspondence be-
tween the experimental and the numerical results, especially during the loading
phase.
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34 m/s 34 m/s

60 m/s 60 m/s

90 m/s 90 m/s
Figure 6.44. Comparison between RB1FS experimental and numerical results

for different impact velocities.
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6.1.7.5 Discussions

The RB1FS projectile is lighter than the 40 mm sponge grenades. Its impact dura-
tion is also much shorter than the 40 mm sponge grenades impact duration.

Unlike the FN303 which breaks at impact, the RB1FS deforms at impact. They
are both smaller projectiles compared to the 40 mm sponge grenades. Referring to
the impact of 40 mm sponge grenades against RW where an analogy was made to
conventional compression tests (the sample is placed between two rigid surfaces),
the RB1FS upon impact against RW remains free on the other side. This type of
impact departs even more from the conventional testings compared to the method
of characterisation of sponge grenades. This makes things more complicated for the
projectile characterisation. Therefore the method for sponge grenades could not be
applied. An hyperelastic model (Yeoh model) is chosen and parameters of the model
are found by indirect engineering method.

Loading is generally correctly captured even though the numerical impact force
is overestimated for impact of 34 m/s. The corresponding maximum error is 19%.
Unloading is not correctly captured as this can be clearly seen in Figure 6.44. Al-
though unloading is not the main issue, the results can be probably improved by
including viscoelasticity in the model.

6.1.7.6 Conclusions

The RB1FS has been characterised. The deformation mechanism is slightly different
from the 40 mm sponge as the non-presence of the sabot causes the unloading to
take place earlier.
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6.1.8 Main conclusions

In this chapter, different projectile FE models have been validated. Due their dif-
ferent characteristics, many methods of characterisation have been used.

A new method of characterising deformable projectile has been applied to SIR-
X and CONDOR projectiles. In this method, engineering stress-strain curves are
generated and used as input in the material model card. Although the method
departs from the requirements of classical testings methods, interesting results have
been achieved. Good correspondence has been found between the experimental
and numerical results. It has been shown that the deformable nose plays a key
role in the global impact response profiles. Most of the projectile initial energy
is dissipated through irreversible processes. The great potential of foam/rubber
material to absorb or dissipate the energy has been highlighted. This method is
applied for full solid deformable projectile nose. The SIR-X projectile model has
been validated in the framework of NATO standardisation methods for evaluating
the KENLW projectiles and can be used in the standardisation process within the
NATO.

For other projectiles, the material model parameters have taken from the liter-
ature. The projectiles was validated by adjusting within a certain range the param-
eters. Satisfying results have been obtained.

Different deformation mechanisms have been identified between the projectiles
by taking into account their behaviour upon impact, their structure. The SIR-X and
condor projectile noses during impact absorb/dissipate the initial energy by crushing
mechanism while the NS projectile by resisting the deformation mainly through its
column before the collapse of the nose (or buckling process). The FN303 projectile
breaks at impact. Those mechanisms help reduce the energy transmitted to the
body.

Unlike deformable projectiles, the FN303 projectile, which is lighter and has a
smaller diameter has different characteristics as it breaks at impact. Its dynamics
is very different from the deformable projectile. During the impact, the breaking
of the projectile helps spread the bismuth grains on the impact surface, increasing
’artificially’ the impact area, so the force is applied over a large surface and the
energy transmitted to the body is reduced. Nevertheless, a small quantity of energy
is used for the breaking of the projectile.

The FN303 and RB1FS projectiles are smaller projectiles compared to the other
projectiles. Their masses and diameters are lower. Unlike the FN303 projectile
which breaks at impact, the RB1FS deforms at impact like the 40 mm sponge
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projectiles but has a free surface during the impact on the other side. As there is
no sabot.
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Chapter 7

Thorax Injury Risk Assessment

In previous chapters, both the SHTIM and the different projectile FE models have
been validated. So far, all models (thorax, projectiles) that were developed were
prerequisites in order to assess KENLW projectile impacts on the thorax. The goal
of this chapter is:

• To assess the thorax injury risk when impacted by a non-lethal projectile.

• To determine the corresponding minimum engagement distance in order to
avoid serious injury to the target.

• As a corollary, comparison of the different projectiles in terms of their danger-
ousness can be made.

In this chapter, the projectiles are evaluated in term of skeletal injury risk.
Firstly, some considerations about the evaluation process are first described. Sec-
ondly, for each projectile, simulations are then performed at different impact veloc-
ities and for each velocity the viscous criterion is computed. Assessment is carried
out by comparing the computed viscous criterion to the threshold value. Then the
comparison between the 3RBID and the SHTIM model is made. Finally, conclusions
are presented.

7.1 Some considerations of the evaluation process

The evaluation process consists here in numerically impacting a KENLW projectile
on the thorax and post-processing the results. Based on the viscous criterion, the
projectile lethality and the associated injury risk can be determined.
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The conditions of impact (especially the impact velocity and the angle of impact)
and the impacted body zone are paramount in the evaluation process, mainly for
the risk injury assessment. They depend upon the projectile initial velocity, the
external environmental conditions, the ballistic characteristics of the projectile and
the distance from which the projectile is launched. Although all these parameters
are to be taken into account for a full evaluation of the projectile, focus is put on a
number of considerations for the risk assessment:

1. There is a relation between the velocity of the projectile and the distance of
engagement given by the retardation function (Equation 7.1). This relation is
determined experimentally through fitting.

V = V0 e
��x with � =

⇡d2⇢
air

CD0

8m
(7.1)

where V0, V , d, m, ⇢
air

and CD0 represent the initial velocity, the projectile
velocity corresponding to the firing distance x, the projectile diameter, the
projectile mass, the air density and the drag coefficient, respectively.

The closer the distance of engagement, higher the corresponding velocity and
higher is the risk of serious injury. To assess this risk, for each impact veloc-
ity, (V C)

max

, which is the criterion related to the occurrence of the injury, is
calculated and compared to the injury tolerance (V C)

max

=0.8 m/s (Section
3.2.3.3). (VC)max value of 0.8 m/s corresponds to 50 % chance of having a
thoracic injury of AIS � 1. The velocity for which (V C)

max

=0.8 m/s is the
critical velocity (V )

crit

. To the critical velocity corresponds a critical distance
of engagement i.e. the safe distance or the minimum firing distance below
which there is higher probability of sustaining an injury with a level of seri-
ousness characterised by a certain AIS (� 1 in this case). This sets up a lower
limit for the distance of engagement in order to ensure that the projectile is not
too dangerous. In the present thesis, this minimum distance of engagement is
determined. This is important for the end-users (military, police).

2. The only injuries investigated in the model are rib or sternal fracture as this
is the type of injury considered for the definition of the viscous criterion.

3. The thorax deflection is determined by tracking the displacement of the node in
the impact zone giving the maximum value of viscous response [160]. It is the
key physical parameters from which the injury metrics (V C)

max

is computed.
But there is a condition on the thorax velocity for the validity of the (V C)

max

.
It should be between 3 m/s and 30 m/s.

4. The viscous criterion was determined by C. Bir [40] in her experiments by using
the impact of rigid projectiles. But most of the actual KENLW projectiles
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are deformable projectiles. Therefore it is assumed that "the viscous injury
criterion is still valid for other types of KENLW projectiles" (Section 3.2.1).

5. The normal impact is the worst case in term of injury risk [160, 161]. Therefore,
all the impacts considered in the present work are normal to the sternum
impact surface (Figure 7.1). Nevertheless all the physical quantities and the
injury metrics are calculated in the horizontal direction X.

6. The viscous criterion depends on the impacted zone. On the one hand, it is
only calculated at the impacted zone due to the localised nature of KENLW
impacts. On the other hand, due to high sensitivity of the viscous response
on the impact location, all the impacts are performed at the same location
corresponding to the configuration used for the thorax model validation [160].

Figure 7.1. Normal impact.
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7.2 Thorax impact assessment

Different impact velocities are considered. The evaluation of the SIR-X impact on
thorax is carried out in details. For the other projectiles, only important results are
given putting emphasis on their specific features.

7.2.1 SIR-X projectile evaluation

The thorax dynamics is the result of the interaction between the projectile and the
thorax. Therefore it is important to understand how this interaction affects the
dynamics of both the projectile and the thorax. Firstly, the dynamics of the thorax
is described, secondly the dynamics of the projectile by comparing the impact on
thorax and the impact on RW, the risk assessment is carried out , then the compar-
ison between the actual SIR-X projectile and the SIR-X assumed rigid projectile is
made, finally conclusions are presented.

7.2.1.1 Thorax dynamics

The thorax dynamics is described through its deflection and corresponding velocity
by tracking the displacement of a node in the impact zone. The impact velocity of
80 m/s is considered to study the dynamics of the thorax. A similar analysis can
be made for other velocities. Figure 7.2 shows the thorax deflection, its correspond-
ing velocity and the corresponding impact sequences where one can highlight some
specific features. Many interesting phases can be identified.

The first phase (up to time 0.32 ms) can be described by the setting in motion
of the thorax where displacement is very low. The second phase is identified by
thorax linear velocity behaviour up to the maximum velocity reached at time 0.46
ms. In these two zones, the thorax displacement and velocity are both increasing.
In the third phase up to time 0.70 ms corresponding also to the full compression
of the projectile, the velocity is decreasing while the projectile displacement is still
increasing but with a decreasing rate. Then after that time, the projectile unloading
phase begins. During this phase, the velocity globally decreases even though there is
a small velocity increase which ends at time 0.82 ms between the red and green dots
in Figure 7.2(c). The reason is still not clear But the thorax displacement continues
to increase up to the maximum reached at time 1.18 ms. This time corresponds also
to the beginning of the thorax unloading phase.

Figure 7.2(c) shows that at this impact velocity, the viscous criterion is satisfied
as the thorax maximum velocity is almost equal to 30 m/s (the limit for the condition
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(a)

(b) (c)
Figure 7.2. Thorax dynamics for an impact velocity of 80 m/s.

of the validity for viscous mechanism (Section 3.2.1)). Above of 80 m/s, it is then
assumed that the criterion is no longer satisfied.

It is pointed out that the maximum displacement is reached later than the
maximum velocity.

For lower velocity as for example 40 m/s, the thorax dynamics is quite different
as it will be shown later.
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7.2.1.2 Comparison of SIR-X dynamics on rigid wall and on thorax

The SIR-X dynamics gives a clue for a better understanding of the difference in
target impact dynamics of a deformable structure (thorax) compared to a rigid one
(RW) by only examining the projectile. For this purpose, the impact results of the
SIR-X projectile on thorax (Figure 7.3) at 80 m/s can be compared to the ones on
RW (Figures 6.8 (b)-(c), 6.9(b) and 6.18) at 58 m/s. There is a similarity up to
a certain extent (especially during loading) between these curves. Therefore, The
whole process can be described in the same manner as for the SIR-X impact on RW
(section 6.1.3).

(a) (b)

(c) (d)

Figure 7.3. Comparison of SIR-X impact dynamics on RW at 58 m/s and on
thorax at 80 m/s.
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The displacement curve shows that the loading takes place at a constant rate.
The evolution of the strain rate determined via Equations6.5-6.7 is given in Figure
??(b) and measured at the projectile rear side. Unlike the RW impact during the
unloading, here the strain rate is no more constant after the transition phase. In
Figure 7.3(c), the sabot begins to decelerate at T1=0.2 ms. Then, the kinetic energy
of the sabot as well as the kinetic energy of the nose drops drastically and is almost
equal to zero at T2=0.7 ms corresponding to the end of the projectile loading phase
as shown in Figure 7.3(d). The projectile behaves then like a rigid projectile as
the nose is completely compressed between the projectile and the thorax. Only then
begins the projectile unloading. The time interval between T1 and T2 corresponds to
the period where most of the projectile energy is absorbed and the highest absorption
energy rate is achieved. This same observation is made with the impact on RW but
the absorption rates are different.

The unloading paths are very different, linear in the case of RW and non-linear
in the case of the impact on thorax. The reason of this behaviour is the thorax
compliance. Recall the rebound velocity is related to the slope of the unloading
path. The non-linear behaviour of the thorax unloading shows that the time of
contact between the projectile and the thorax is larger compared to the RW case.
The consequence is that the energy stored in the nose is released with a lower rate
than for the RW. As the energy is only absorbed during the loading phase, it is
possible to determine the part of initial energy available for thorax deformation.
One can write the energy balance by the equation 7.2 [177].

E
tot

= (E0
kin

)
proj

= (E
kin

+ E
int

+ E⇤)
proj

| {z }

(E)
proj

+(E
kin

+ E
int

+ E⇤)
thx

| {z }

(E)
thx

(7.2)

where E
tot

, E0
kin

, E
kin

, E
int

and E⇤ are the total energy, the initial kinetic energy, the
kinetic energy, the internal and other types of energy (hourglass energy as example),
respectively. The subscripts proj and thx refer to the projectile and the thorax
respectively. All these quantities are retrieved from LS-DYNA, E0

kin

=102.2 J and
(E)

proj

=55.8 J. One can determine the available energy for the thorax (E)
thx

=46.4
J. It corresponds to 45.4 % of the initial energy. In the case of the RW, all the initial
energy is absorbed by the projectile either by deformation or by dissipation processes
as the impact is on RW. For the thorax, only a reduced energy is transferred, so is
the the risk of injury.

67.4% of the energy transferred to the thorax is dissipated through irreversible
processes. One possible axis of investigation is to try to correlate this energy to the
occurrence of injury.
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The contact force evolution is given in Figure 7.3(d). The whole dynamics in
term of force profile and maximum force on the thorax can be compared to the one
on RW except that the strain rates are different, higher for the impact on thorax.

As the strain rates are different even though there is a similarity in the projectile
dynamics between the two targets, the target material has also an influence on the
strain rate (Figure 7.3(a)-(b)). Therefore, impact velocity can not be the only
parameter that is used to discriminate the impact force or displacement, one has
to take into account other characteristics like the target material. This raises an
issue about the projectile characterisation: What is the range of velocities to be
considered for the validation of the projectile? One could expect to validate the
projectile model at lower impact velocities on RW and impact the projectile on
deformable target at high velocity. This might be not the case at the light of the
observation. Moreover, the major difficulty would be to find the correspondence at
which the validation on RW should be made. More investigation is then necessary.

All these considerations lead to the fact that the impact of SIR-X projectile on
the thorax as a deformable structure can be considered as an impact on RW but at a
reduced impact velocity, the behaviour being similar during the loading. This seems
to confirm the assumption previously made on the validity of the viscous criterion
for deformable projectiles.

7.2.1.3 SIR-X risk assessment

Figure 7.4 gives (V C)
max

for impact velocities of 40 m/s and 80 m/s. A number of
features can be highlighted.

• The behaviour at lower velocities is different from the one at higher velocities.
Indeed, at 80 m/s, the viscous response as well as the velocity, function of time
shows two peaks where there is only one at 40 m/s.

• For 80 m/s, there are two peaks in the curve and the maximum value of
(V C)

max

is achieved on the second peak while there is only one peak for lower
velocity. The values of (V C)

max

for 40 m/s and 80 m/s are 0.15 m/s and 0.64
m/s respectively.

Figure 7.5 gives the results of (V C)
max

for all considered impact velocities. The
critical velocity corresponding to a (V C)

max

value of 0.8 m/s is equal to 91 m/s
(Figure 7.5). But for velocities higher than 80 m/s (Figure 7.4(b)), the criterion is
no longer satisfied. So the results are given in this case as an indication. Recall the
condition on the validity for viscous criterion is that the thorax velocity is between
3 m/s and 30 m/s (Section 3.2.1).
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7.2 Thorax impact assessment

The nominal velocity in our case is 105 m/s. Using the retardation relation
(Equation 7.1) which gives the relation between the firing distance and the corre-
sponding velocity, the safe distance can be determined. With a value of CD0=0.2,
the distance can be calculated (Equation 7.1). Therefore the safe distance can be
determined and is equal to 28 m. The results of the full risk assessment of the SIR-X
is given in Table 7.1. It gives the firing distance and the corresponding velocity. For
each velocity, the ad hoc criterion is checked. The red cells means that the viscous
criterion has failed, the impact is considered as dangerous in term of injury. The
yellow cells means that criterion is satisfied but the condition of maximum velocity
30 m/s (limit for the viscous mechanism) is not satisfied, therefore certain reserva-
tions can be expressed regarding their relevance. The viscous criterion is satisfied
for all the velocities less than the critical velocity. But one has to check also for
other criteria as the R90 criterion linked to the dispersion [2].

firing
distance [m]

Projectile
velocity [m/s]

(V C)
max

[m/s]
Result/failed

criterion
0 105 1.09 (V C)

max

10 100 0.98 (V C)
max

20 95 0.88 (V C)
max

30 90 0.79 OK
40 86 0.71 OK

Red=dangerous - Yellow= (V C)
max

satisfied but the condition 30 m/s is violated

Table 7.1. Final result of the lethality analysis of the SIR-X projectile.

The first generation of KENLW projectiles was made of stiff or rigid projectiles.
Then, the question that comes to the mind is ’how the thorax would behave if the
SIR-X projectile was a rigid projectile’, all other characteristics being equal? The
analysis will be made in following section.
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(a)

(b)

(c)
Figure 7.4. Thorax (V C)

max

calculation for SIR-X impact velocities of 40 m/s
and 80 m/s.
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Figure 7.5. (V C)
max

for different velocities for SIR-X projectile.

7.2.1.4 SIR-X versus assumed SIR-X rigid projectile

By assuming a SIR-X rigid projectile with the same mass as the actual SIR-X
projectile, the comparison can be made between the two cases. For that purpose, an
average density is calculated and assigned to the rigid projectile. Figure 7.6 shows
the comparison of the thorax dynamics induced by the impact of NS projectile and
its corresponding rigid projectile.

Focussing on the velocity graph (Figure 7.6(b)), the behaviour of the rigid pro-
jectile corresponds to the curve with steepest slope. Although the condition on the
thorax velocity being less than 30 m/s is not satisfied for the rigid case, it is used
as illustration to compare the two dynamics. For the actual NS projectile case, the
part of the curve between A and B corresponds to the compression of the nose and
the part of curve between B and C to the rigid like behaviour. Indeed, the BC slope
gives the extent at which the NS projectile behaviour is close to the rigid behaviour
during the loading. The higher is the impact velocity, the steeper is this slope, and
more the behaviour is similar to the rigid projectile behaviour. The effect of the
nose is highlighted by a drastic reduction of the pic of the rigid projectile case and
the delayed effect of the rigid-like behaviour.

Therefore the thorax response due to the SIR-X projectile impact is like time-
shifted with respect to the rigid one. This shift interval � is the laps of time corre-
sponding to the deformation of the nose. After this interval, the projectile behaves
like a rigid projectile. The thorax velocity and the viscous response graphs show
that the slope become steeper after � ms.

The amplitudes of the thorax velocity and contact force are different, higher for
the rigid projectile. Because this combined effect of delayed effect and the rigid-like
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(a) (b)

(c) (d)

Figure 7.6. Comparison of SIR-X impact and the corresponding rigid one im-
pact on the thorax at 80 m/s.

behaviour, the SIR-X projectile behaviour during impact can be compared to the
behaviour of a rigid projectile with a time-delayed effect but at a reduced energy as
part of the energy is absorbed/dissipated by the nose.

Comparison of (V C)
max

is given in Figure 7.7. The values of (V C)
max

are of
the same order. This is a surprising result but in reality there are two different
mechanisms taking place. Indeed, the condition on the maximum velocity (30 m/s)
is more rapidly reached for the rigid projectile than in the case of the corresponding
deformable projectile. It is generally admitted that above this velocity, the injury
mechanism that is activated is similar to blast effect (section 3.2.1). It should be
pointed out that only rib and sternal fractures are considered when it comes to the
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viscous criterion. Nothing can be said about other types of injury. Therefore it can
be said that for the rigid projectile, the dynamics is more driven by the velocity while
for the deformable projectile in the considered range of velocities, the phenomenon is
driven by the viscous response from which (V C)

max

is derived. Moreover, maximum
forces are higher for the rigid projectile.

For now, the results have been taken with precaution.

There is almost no difference between the (V C)
max

values with the SIR-X pro-
jectile and with the assumed rigid one. This is a surprising result as one could
expect to have higher values for the rigid projectile. But not necessary the same
mechanisms are activated as the condition on the thorax velocity is not satisfied for
the rigid projectile almost in the entire velocity range.

Figure 7.7. Comparison of (V C)
max

: SIR-X projectile vs SIR-X assumed
rigid projectile.

7.2.1.5 Conclusions

The impact dynamics of the SIR-X projectile on thorax was investigated. Based on
the viscous criterion, minimum firing distances, the safe distances were determined.
It is pointed out that in certain cases, the condition on thorax velocity was violated.
The results should then be taken with precaution.

By comparing the dynamics of the projectile during the impact on thorax and
on RW, it was shown that the dynamics of the SIR-X projectile on thorax at a given
velocity especially during the loading is similar to the SIR-X dynamics on RW but
with lower impact velocity even though the strain rates are different. This can be
explained by the fact on RW, all the energy is absorbed by the projectile and that
is no more the case when it is a deformable target. Only a part of initial energy
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is transmitted to the thorax. Therefore the risk of injury is reduced. The energy
transfer rate to the thorax is the highest during the loading after the deformable
nose has been fully crushed.

Comparison was made between the real projectile and an assumed SIR-X rigid
projectile. It has been found that there was almost no difference by comparing
(V C)

max

values with the actual SIR-X projectile. This is a surprising result as one
could expect a higher values for the rigid projectile. Is the problem related to the
nature of the deformable nose material used? More investigation is needed to confirm
or infirm this conclusion by using other deformable projectiles. The SIR-X projectile
under impact on thorax behaves like a corresponding rigid one with a delayed effect.
The delayed effect corresponds to the deformation of the nose is related to the energy
absorbing capacity of the nose material. Higher is the impact velocity, more the SIR-
X projectile will behave like a rigid projectile during the impact as the deformation
rate of nose is increased. This tends to confirm the assumption that has been made
about the viscous criterion, it is still valid for deformable projectiles.
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7.2.2 CONDOR projectile evaluation

The CONDOR impact dynamics on thorax is quite similar to the SIR-X one. Only
the final results on the lethality are given. Figure 7.8 represents (V C)

max

as function
of the velocity.

Using the criterion and the nominal velocity of 105 m/s, the determined critical
velocity is 88 m/s corresponding to a firing distance of 31 m calculated via the
retardation relation. Table 7.2 gives the final result of the risk assessment. It is
worth pointing out that above the safe distance (or below the critical velocity), the
viscous criterion is satisfied. In this case, the limiting factor is the R90 criterion
(dispersion) that has to be checked [2].

Figure 7.8. (V C)
max

for different impact velocities of the CONDOR projectile
on thorax.

firing
distance [m]

Projectile
velocity [m/s]

(V C)
max

[m/s]
Result/failed

criterion
0 105 1.15 (V C)

max

10 99 1.02 (V C)
max

20 94 0.91 (V C)
max

30 89 0.81 (V C)
max

40 84 0.71 OK
Red=dangerous - Green=acceptable - N/A=not available

Table 7.2. Final result of the lethality analysis of the CONDOR projectile .
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7.2.3 NS projectile evaluation

NS projectile has been described in section 2.4.2.5 and 6.1.5. No detailed analysis is
carried out as the one performed of the SIR-X projectile, but only final results will
be given and differences highlighted.

7.2.3.1 NS risk assessment

As previously stated, even if the NS projectile has a different deformation mechanism
than the SIR-X projectile, the same methodology is used as for the SIR-X projectile.
The thorax dynamics for 40 m/s and 80 m/s is given in Figure 7.9 and is quite similar
to the thorax dynamics for the impact of SIR-X projectile (Figure 7.4). For each
velocity, (V C)

max

can be determined and results are given in Figure 7.10.

(a) (b)

(c)
Figure 7.9. Comparison of NS impact on thorax for 40 m/s and 80 m/s.
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7.2 Thorax impact assessment

Figure 7.10. (V C)
max

for different impact velocities of the NS projectile on
thorax.

Using the criterion, the determined critical velocity is 84 m/s corresponding to
a firing distance of 16 m calculated via the retardation relation. Table 7.3 gives
the final result of the risk assessment. It is worth pointing out that above the safe
distance (or below the critical velocity), the viscous criterion is satisfied. In this
case, the limiting factor is the R90 criterion (dispersion) that has to be checked [2].

firing
distance [m]

Projectile
velocity [m/s]

(V C)
max

[m/s]
Result/failed

criterion
0 92 0.99 (V C)

max

10 87 0.87 (V C)
max

20 82 0.76 OK
30 77 0.66 OK
40 72 0.56 OK

Red=dangerous - Green=acceptable

Table 7.3. Final result of the lethality analysis of the NS projectile .

7.2.3.2 Comparison of NS dynamics on rigid wall and on thorax

It is interesting to apply the same approach with the one followed for the SIR-X
projectile to see if the same conclusion can be drawn.

On can see that there is no difference between the two cases during a great part
of the loading phase showing that the behaviour of the NS projectile on thorax is
similar to the behaviour of the same projectile on RW at lower velocity. This tends
to confirm the assumption on the validity of (VC)max for deformable projectiles. It
is the similar conclusion that has been drawn for the SIR-X projectile.
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Figure 7.11. Comparison of NS impact dynamics on RW at 36 m/s and on
thorax at 40 m/s.

7.2.3.3 NS projectile versus assumed NS rigid projectile

The same approach of an assumed rigid projectile used for the SIR-X projectile is
also applied to the NS projectile.

In Figure 7.12 is shown the comparison between the thorax displacement and the
corresponding velocity for the NS projecitle and its corresponding rigid projectile.
Focussing on the velocity graph, the behaviour of the rigid projectile corresponds
to the curve with steepest slope. Although the condition on the thorax velocity
being less than 30 m/s is not satisfied for the rigid case, it is used as an illustration
to compare the two dynamics. For the actual NS projectile case, the part of the
curve between A and B corresponds to the compression of the nose and the part of
curve between B and C, to the rigid like behaviour. Indeed, the BC slope gives the
extent at which the NS projectile behaviour is close to the rigid behaviour during
the loading. Higher is the impact velocity, steeper is this slope, more the behaviour
is similar to the rigid projectile behaviour. The effect of the nose is highlighted by
a drastic reduction of the peak of the rigid projectile case and the delayed effect of
the rigid like behaviour.

The viscous criterion can be determined for both cases and the results are given
in Figure 7.13. The results of the assumed rigid projectile is higher than the ones
with the actual projectile. By comparing the results to the results obtained with
SIR-X and CONDOR projectiles, the difference between the actual projectile and
the assumed rigid one is higher.
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7.2 Thorax impact assessment

Figure 7.12. Comparison of thorax displacement and velocity at 80 m/s: NS
vs assumed NS Rigid projectiles.

Figure 7.13. Comparison of (V C)
max

: NS vs assumed NS Rigid projectiles.

7.2.3.4 Conclusions

The evaluation of the NS projectile has been made. The range within which the
NS projectile is effective without causing higher risk of injury has been determined.
The NS dynamics on thorax has been compared to the one on RW. It is shown that
to a certain extent, the NS dynamics on thorax is similar to the one on RW but at
lower velocity. This shows that the assumption made on the validity of the viscous
criterion for deformable seems consistent. Thorax dynamics due to the impact of
the actual NS projectile has been compared to the impact of an assumed NS rigid
projectile. The values of the criterion are different and are higher for the rigid
projectile impact.
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7.2.4 FN303 projectile evaluation

The FN303 projectile has been described in section 2.4.2.8. Unlike the 40 mm diam-
eter projectiles evaluated up to now, the FN303 projectile is a light small projectile.
In the following sections, the assessment of FN303 will be carried out.

7.2.4.1 FN303 risk assessment

Figure 7.14 shows the thorax deflection (displacement) at 90 m/s and the corre-
sponding velocity from which the viscous response and the (V C)

max

are derived.
Results of (V C)

max

for all impact velocities are given in Figure 7.15 and in Table
7.4. Most of these results were taken from [2].

Figure 7.14. Thorax dynamics due to the impact of FN303 projectile at 90
m/s.

It is observed that the displacements obtained with the FN303 projectile is very
low compared to the ones obtained with the 40 mm sponge grenades. Likewise, the
(V C)

max

values are very low compared to the threshold 0.8 m/s. Indeed, the FN303
projectile is very small and light. It has a lower kinetic energy, lower momentum
and a smaller impact surface compared to the 40 mm sponge grenades. As a result,
it is more difficult for this projectile to deform the thoracic cage as much as the
40 mm projectiles do. The condition of thorax velocity being less than 30 m/s is
not always satisfied for all the nodes of the impact zone at higher velocities. But
this problem has already been addressed previously. Beyond this limit, other injury
mechanism type is activated. The (V C)

max

values being extremely low, there is no
minimum safe distance with this projectile. One can shoot at very close distance
with a relative low risk of injury (rib/sternal fracture). This is very interesting
for indoor engagements where the distances of engagement are often very short.
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7.2 Thorax impact assessment

Although the viscous criterion is satisfied for all velocities, one still have to check
for the skin penetration and the dispersion criterion[2].

Figure 7.15. (V C)
max

for different impact velocities of the FN303 projectile
on thorax.

firing
distance [m]

Projectile
velocity [m/s]

(V C)
max

[m/s]
Result/failed

criterion
0 90 0.11 OK
10 84 <0.11 OK
20 78 <0.11 OK
30 73 <0.11 OK

Red=dangerous - Green=acceptable

Table 7.4. Final result of the lethality analysis of the FN303 projectile fired
from the FN303 launcher.

7.2.4.2 Conclusions

The FN303 projectile has been evaluated. It has been shown that the displacements
at all impact velocities are very low, so are the (V C)

max

. The reason is its low mass
and its small diameter. There is no minimal safe distance. Therefore the FN303
projectile can be used at close distance without higher risk of injury.
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7.2.5 RB1FS projectile evaluation

The RB1FS projectile has been described in section 2.4.2.7. It can be compared
in terms of mass and nominal diameter to the FN303 projectile. In the following
sections, the assessment of FN303 will be carried out.

7.2.5.1 RB1FS risk assessment

Figure 7.16 shows the thorax deflection (displacement) at 90 m/s and the corre-
sponding velocity from which the viscous response and the (V C)

max

are derived.
Results of (V C)

max

for all impact velocities are given in Figure 7.17 and in Table
7.4.

Figure 7.16. Thorax dynamics due to the impact of RB1FS projectile at 90
m/s.

It is observed that the displacements obtained with the RB1FS projectile are
of the same order than the ones obtained with the FN303 projectile. Likewise, the
(V C)

max

values are very low compared to the threshold 0.8 m/s. Indeed, like the
FN303 projectile, the RB1FS projectile is very small and light with a lower kinetic
energy, lower momentum and a smaller impact surface compared to the 40 mm
sponge grenades. As a result, it is more difficult for this projectile to deform the
thoracic cage as much as the 40 mm projectiles do. Nevertheless the corresponding
induced velocities are very different, lower for the RB1FS projectile (Figures 7.15
and 7.17.) The reason might be the different projectile material characteristics.
The RB1FS projectile is a homogenous projectile made of rubber material which at
impact deforms while for the FN303 projectile, it breaks at impact.

The condition of thorax velocity (30 m/s) is always satisfied for all the considered
velocities.
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The (V C)
max

values being extremely low, there is no minimum safe distance
with this projectile. One can shoot at very close distance with a relative low risk
of injury (rib/sternal fracture). As there is no data available for the dispersion, the
criterion R90 has been checked on data. Therefore only the viscous criterion is taken
into account in Table 7.5. This projectile is no more available on the market.

Figure 7.17. (V C)
max

for different impact velocities of the RB1FS projectile
on thorax.

Projectile
velocity [m/s]

(V C)
max

[m/s]
Result/failed

criterion
90 0.07 OK
80 <0.07 OK
70 <0.07 OK
60 <0.07 OK

Green=acceptable

Table 7.5. Final result of the lethality analysis of the RB1FS projectile.

7.2.5.2 Conclusions

The RB1FS projectile has been evaluated. It has been shown that the displacements
at all impact velocities are very low, so are the (V C)

max

. The reason is its low mass
and its small diameter. There is no minimal safe distance. Therefore the RB1FS
projectile can be used at close distance without higher risk of injury. Nothing could
be said about the R90 criterion as data are not available. But this projectile is no
longer available on the market.
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7.2.6 L5 projectile evaluation

The L5 projectiles are the two projectile types used in Bir’s experiments for the
validation of the SHTIM in Chapter 5.1. These types of projectiles are from the
old generation and are no longer used. The first projectile L5 used in condition A
and B, has a mass of 140 g and a length of 100 mm and the second one L5 used in
condition C have a mass of 30 g and a length of 20 mm. Both projectiles have been
already described in Chapter 5.1.

The results of their evaluation given in Figure 7.18 will be used in the next
section as a comparison between the old KENLW generation and the new KENLW
generation projectiles in term of risk of injury. Using the viscous criterion, the critical
velocities are determined: 34 m/s for the projectile L5@140g (Figure 7.18(a)) and
98 m/s for the projectile L5@30g (Figure 7.18(b)). No dispersion data is available.

Because of its higher mass, the risk of injury due to the impact of L5@140g
projectile is higher than the one by an impact of L5@30g projectile. The (V C)

max

values for the L5@30g projectile are in the same range as the ones for the 40 mm
sponge grenades assessed previously.

(a) projectile L5@140g - Condition A-B (b) projectile L5@30g) - Condition C
Figure 7.18. (V C)

max

for different impact velocities of the L5 projectiles on
thorax.
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7.2.7 Summary of all projectiles

Figure 7.19 gives a summary on the lethality of the different projectiles. It should
be pointed out that

• There are three groups of projectiles that can be considered: the projectiles
with low mass and small diameter like the FN303, the large diameter projec-
tiles among which the 40 mm sponge grenade projectile and the large diameter
projectiles which are heavy like the L5@140g projectile.

• There is no risk of skeletal fracture of thorax for light projectiles as the
(V C)

max

values are extremely low at the considered velocities. But

• Heavier projectiles tend to induce higher risk of injury if shot at higher velocity.
Increasing the mass of the projectile must be coupled with a reduction of the
velocity at which it is shot to avoid increased risk of skeletal injury. This
seems to show that the momentum has something to do with the risk of injury.
More investigation is needed to see if an injury criterion based on momentum
could be appropriate. Nevertheless, in a previously published paper [178],
different injury criterion candidates were investigated and evaluated. The
impulse (implicitly the momentum) was one of the candidates that have shown
a high correlation in term of injury. But they have to be experimentally
validated.

• The graph shows that there is not great difference in terms of (V C)
max

between
the different 40 mm sponge grenades although the difference in mass can be
great for example for the NS projectile, the heaviest one which performs well.
But in terms of minimum firing distances, a difference of 1m or 2m can make
a huge difference in terms of injury.

• The L5@30g, an old generation projectile with its mass in the same range as
the 40 mm sponge grenades has similar performance in term of risk injury
based on the viscous criterion. The mass is therefore one of driving parameter
in term of injury.

• There are two ways of reading the graph. Firstly, at a given velocity, the heav-
ier projectile has the higher lesional potential as long as (V C)

max

is concerned.
Secondly, to have the same level of injury risk, the lighter projectile should be
shot at higher velocity.
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Figure 7.19. (V C)
max

summary for impact of different projectiles on thorax.

7.3 Comparison of SHTIM model and the 3RBID
surrogate

In order to see the consistency of numerical results, comparison is made with the
3RBID. The 3RBID responses are defined through corridors to take into account
the dispersion. To have the same basis of comparison, all the displacement results
from which the (V C)

max

is calculated are filtered with a CFC-1666 filter. First, the
3RBID setup is briefly described, then comparison for the 3RBID and the SHTIM is
made for the SIR-X projectile, then a comparison is made between all the projectiles
followed finally by a discussion of the results.

7.3.1 3RBID setup

The 3RBID is another means available in ABAL for KENLW thoracic impact evalu-
ation, validated on the same data as the SHTIM. It is then natural to compare both
means to see their consistency regarding this evaluation. The 3RBID experimental
setup is shown in Figure 7.20. The main components are:

1. A pneumatic launcher for launching the projectile at desired velocity.

2. A light screen barrier for the impact velocity measurement.

3. A set of led lights for the high-speed camera.

4. A high-speed camera for impact event record used especially for projectile ve-
locity measurement, projectile displacement tracking and projectile attitude...
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5. The 3RBID system

6. A 3RBID is equipped with an accelerometer for the displacement determina-
tion.

7. The impacting projectile.

Figure 7.20. 3RBID setup.

7.3.2 Comparison of SHTIM and 3RBID for SIR-X projectile

The SIR-X projectile has been chosen as one of the projectiles for validation of
the thorax surrogates (numerical or experimental) in the standardisation framework
within NATO (section ??) [5]. Corridors were defined based on the impact of SIR-X
on 3RBID for validation purpose of the thorax surrogate. The surrogate is considered
as validated if the surrogate responses fall within these corridors and the (V C)

max

values within the 3RBID boundaries. Two impact velocities were defined 56 m/s
and 86.5 m/s.

As one can see in Figure 7.21, satisfying results are achieved. The numerical
curve has been shifted in time because of the difficulty to set the effective initial
time of the impact in the experiments.

For the displacement, as previously mentioned during its validation, the SHTIM
gives a response that is stiffer than the experimental results. This can be seen as
the correspondence is good in the early stage of the impact. After, the SHTIM
displacement fails to fall within the corridors. Therefore, it is one of the perspective
to improve the compliance of the SHTIM.

Table 7.6 shows that for a velocity of 56 m/s, the SHTIM (V C)
max

value falls
within the 3RBID boundaries and the value at 86.5 m/s fails to satisfy the require-
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ment with an error of 6%. Concerning (V C)
max

, good correspondence is found even
though all the values fall in the lower limit of the corridors.

Figure 7.21. Comparison between 3RBID and SHTIM surrogates at 56 m/s
and 86.5 m/s.

Velocity
[m/s]

(V C)
max

[m/s]

Numerical 3RBID limits
56.0 0.30 [0.28-0.32]
86.5 0.73 [0.78-0.85]

Table 7.6. Comparison of numerical results with the 3RID (V C)
max

results.

Figure 7.22. Comparison between 3RBID and numerical results for SIR-X pro-
jectile.
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7.3.3 Comparison of SHTIM and 3RBID for all projectiles

7.3.3.1 Results

Results of the comparison between the SHTIM and 3RBID for the different projec-
tiles are given in Figure 7.23.

7.3.3.2 Discussions

For each projectile, an brief analysis is performed.

SIR-X projectile

The SIR-X (Figure 7.23(a)) has already been analysed in section 7.3.2.

CONDOR projectile

Figure 7.23 shows that in the considered domain, all the numerical data fall
within the corridors. Because of missing data at lower velocities, there is a gap and
no extrapolation of the corridors has been made in the lower velocity range. Nev-
ertheless, it can thus be concluded that a good correspondence is achieved between
the 3RBID and the SHTIM.

NS projectile

Good agreement is found with the NS projectile. The SHTIM predicts values
that are in the lower limit of the 3RBID corridors.

FN303 projectile evaluation and the L5@30g projectile

The SHTIM understimates the values of (V C)
max

i.e. the risk of injury compared
to the 3RBID.
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(a) SIR-X (b) CONDOR

(c) NS (d) FN303

(e) L5@30g
Figure 7.23. Comparison of SHTIM and 3RBID results.
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7.4 Conclusions

Evaluation of KENLW projectiles has been carried out. This evaluation consisted
in determining the minimal firing distance to avoid serious injury. Critical velocity
for each projectile was determined from which the safe distance was derived using
the retardation relation.

Assessing the KENLW projectile lethality is very complicated because of the
wide variety of projectiles currently in use, their characteristics as well as the com-
plexity that characterises the interaction between the projectile and the human
body.

For deformable projectiles, an in-depth analysis was performed. It has been
shown that the dynamics of the deformable projectiles on the thorax surrogate can
be compared to its dynamics on RW but at a lower velocity. A comparison of the
projectile with its assumed rigid projectile was performed in order to understand
the difference in dynamics. The deformable projectile introduces a delayed effect in
response compared to the rigid projectile. After this delayed effect, the projectile
behaviour is similar to the rigid projectile to a certain extent.

Comparison was made between the SHTIM and the 3RBID. For heavier pro-
jectiles like the 40 mm sponge grenades, good correspondence has been achieved
although the SHTIM (V C)

max

values were found in the lower limit of the 3RBID
corridors except for the L5@30g projectile where the values are underestimated. For
light projectiles like the FN303 projectile, the SHTIM underestimates the (V C)

max

results.
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Chapter 8

Conclusions and avenues for future
investigation

The purpose of this chapter is to highlight the aim and achievements of the present
dissertation in order to summarize the key findings, and propose different axes where
future investigations are possible.

8.1 Aim

The aim of this work was to develop a numerical tool for the injury risk assessment
of non-penetrating thoracic impacts due to KENL projectiles. To do so, a thorax
model (SHTIM) as well as FE models of six KENL projectiles were developed. For
the risk assessment, the only injury that were investigated was the rib and sternal
fracture.

8.2 Achievements and results

Three steps was considered for the assessment of the effects of KENL projectiles on
thorax:

• The development of a thorax FE model. The geometry was generated with a
CAD program and material models were taken from the literature. The model
was validated using the biomechanical corridors generated from the impacts of
stiff cylindrical projectiles on PMHS. This means that the numerical responses
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of the thorax model, in terms of displacement and (V C)
m

ax should stay within
the experimental corridors and boundaries.

• The development of projectile FE models. The geometry was generated with
a CAD program. There are a variety of KENL projectiles. Some of them are
no more in use like the L5 projectiles. Nowadays most of KENL projectiles
are deformable projectiles like the 40 mm sponge grenades. There is one,
the FN303 projectile which has a specific characteristics, it breaks at impact.
Therefore each projectile has its own characteristics. This makes things not
easy for the material modelisation. Two different approaches were investigated
in order to characterize them.

In the first approach, the material models and material parameters of most
projectiles were based on published data. The validation of the projectile was
carried out. Using an iterative process within a limited range of model param-
eters, optimum model parameters were obtained by comparing the numerical
results to the experimental ones, the results of the real firings of the same
projectile on a rigid wall (RW) structure at different velocities.

For the 40 mm sponge grenades, a specific method was developed in order to
characterize the projectile deformable nose. This method is based using the
experimental results of the firing of the 40 mm sponge grenade on a rigid wall
structure. The experimental signals (force, displacement as a function of time)
were processed and engineering strain-stress curves were derived. These curves
were used as loading curves in the material model for the nose. Using the
reverse engineering method by comparing the numerical data to experimental
ones, the deformable projectile material was determined. It is worth pointing
out that for the sabot of the 40 mm sponge grenades, material characteristics
was taken from literature. This method is cost-effective as with the results of
the firings tests on RW, the characteristics of the nose material is obtained
and at the same time the projectile FE model is validated. Moreover, the
conditions of the tests are close to the operational conditions of the use of
these projectiles.

• The risk assessment. With the validated thorax model and validated projectile
models, one can proceed to the risk assessment. The viscous criterion used
for injury risk assessment was defined by using stiff projectiles. But today,
most of projectiles are deformable. Therefore, an assumption was made: this
criterion is still valid for deformable projectiles.The risk assessment was then
carried out by first numerically impacting the projectile and the thorax at
different velocities. Secondly by processing the results, the viscous criterion
is determined for each velocity. A critical velocity can then be determined
for each projectile, corresponding to the velocity for which one obtains the
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tolerance value of 0.8 m/s. It is the value of the criterion corresponding to
the probability of 50 % of sustaining the skeletal thoracic injury of AIS>1.
Using the retardation, a minimum firing distance was calculated. Below this
distance, there is a higher risk of injury.

It has been shown that the bigger projectiles like the 40 mm sponge grenades
shows a higher risk of sustaining skeletal fracture compared to the smaller projec-
tiles like the FN303 projectile. There is no risk of skeletal injury with the smaller
projectiles. One has to pay attention that only the risk of skeletal fracture has been
considered. But smaller projectiles can present a risk of skin penetration, problem-
atic that was not covered here.

A few years ago, ABAL acquired a thorax mechanical surrogate, the 3RBID
for thoracic risk assessment. For different projectiles, biomechanical corridors were
built. The performance of the SHTIM was then compared to the 3RBID based on
these corridors. The numerical responses of the thorax model, in terms of displace-
ment of the point of impact as a function of time, should stay within the 3RBID
corridors and boundaries. Results show good correspondence especially for the big-
ger projectiles.

8.3 Avenues for future investigation

To improve some aspects, recommendations and future possible enhancements are
proposed.

The only one criterion that was used is the viscous criterion. The SHTIM can
be used for the investigation of new criteria. The results obtained in Chapter 6
show that the momentum can be a possible candidate. In Chapter 5, the energy
dissipated into the thorax has been calculated. Further investigations can be made
to see if this dissipated energy can be linked to the occurrence of injury.

The SHTIM can also be extended to other applications like the BABT. The
filling-up of the internal space of the SHTIM can help the study of blast effects or
the propagation of waves into the body.

Finally, the major improvement that can be achieved is the development of a
new anthropometric thorax FE model. The SHTIM is a model whose geometry has
been simplified. Therefore the new model can take into account the real geometry
of the thorax.
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It has been found that adding a tensile curve to the SIR-X model improved the
results. It is necessary to investigate this aspect in order to get more understanding
of this aspect

Although the results of validation of many KENL projectiles were satisfying,
investigating the possibility of using other material models could further improve
the FE models.
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Annex A

A few key results of the WSU study
by C. Bir

The results presented in this Annex consist of the displacement biomechanical cor-
ridors not included in the main document obtained via the firing of non-lethal pro-
jectiles at a PMHS thorax at WSU, conducted by C. Bir [7]. Measurements for the
(V C)

max

criterion for all of the tests carried out are presented.

Figure A.1. PMHS thorax displacement at the point of impact as a function of
time for impact condition B [7].
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Annexe A: Results of the WSU study by C. Bir

Figure A.2. PMHS thorax displacement at the point of impact as a function of
time for impact condition C [7].

Table A.1. Measured (V C)
max

values obtained while firing non-lethal projec-
tiles on PMHS thorax, condition A, B and C [7].
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Annex B

Influence of HU and SHAPE
parameters

The results presented in this Annex show a sensitivity study of HU and SHAPE
parameters of the hyperelastic model (*MAT_SIMPLIFED RUBBER/FOAM) im-
plemented in LS-DYNA.

Figure B.1 and Figure B.2 shows the effect of the HU parameter on the impact
force and the displacement of the projectile respectively. Figure B.3 and Figure B.4
shows the effect of the SHAPE parameter on the impact force and the displacement
respectively. Figure B.5 and Figure B.6 shows the effect of each parameter on the
corresponding internal energy.

HU parameter and SHAPE parameter has an influence on the unloading. During
the loading phase, there is no difference in the curves. When HU decreases, the
dissipation increases. The effect is more highlighted with the HU parameter which
is the hysteresis parameter. The effect of the SHAPE is very limited.

Normally without dissipation, all the energy stored on the projectile is recovered.
But decreasing the HU parameter has a dissipative effect as represented in the figure
B.5. The main parameter for dissipation is HU.
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Annexe B: influence of HU and SHAPE parameters

Figure B.1. SIR-X impact force on rigid wall as a function of time at v=61
m/s.

Figure B.2. Displacement of the rear face of the SIR-X projectile as a function
of time at v=61 m/s.
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Figure B.3. SIR-X impact force on rigid wall as a function of time at v=61
m/s.

Figure B.4. Displacement of the rear face of the SIR-X projectile as a function
of time at v=61 m/s.
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Annexe B: influence of HU and SHAPE parameters

Figure B.5. Internal energy of the SIR-X projectile as a function of time at
v=61 m/s.

Figure B.6. Internal energy of the SIR-X projectile as a function of time at
v=61 m/s.
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present thesis
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1.1 Articles in a peer-reviewed journal

1.2 Conference proceedings and presentations
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Users Conference, Strasbourg , France, 2011.
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